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INTRODUCTION

Modern afrcraft are equipped with numevous pieces of equipment
that raust Le cooled during (light and duriny g round operation, The need
for cooling of aircraft rlectrical, clectronic, and mechanical equipment
arises from the fact that such equipment will operate only over a limited
ranpe of tempeeature, that operation above some maximum tempervature
is impossible or incfficient, and that all such equipment dissipatea heat,
The dissipated heat must be removed if steady-state operation is to be
within the inherent temperature limitations and must be transf{erred to a
heat sink which is exte-rnal to the equipment,

The removal of the heat dissipated by ~auipment in aircrait.operating
at the reiatively low velocity and low altitudes typical of a few years ago
involved simply air circulatior by meaus of a Llower or free convection,
As flighi speeds and altitudes increased, more involved cooling systems
such as air cycle systems became necessary. The [.roblem has become
propressively more acule with the present trend toward much highee
velocitics and altitudes. For example, aerodynamic heating results in
a total air temperatnre of apgroximately 500 °F at Mach 2,5, At the
atmospheric pressures which prevail at an altitude of 70,000 feet, the
heat transfer cocfficient (for air in turbulent flow) is about one-tenth as
large as at sea level with cqual velocity and temperature, This factor
makes it much more difficult to remove heat even if air at a low tem-
perature is available, e.g., from an air cycle cooling system, The
problens ia fusther aguravated by the fact that as flight speeds increase,
many more functions are performed by electronic cquipment thus greatly
incrcasing the actual cooling loads, An aralysie cf cooling systems for
fligk.t speeds up to Mach 1.8 is presented in reference 1, The present
study is primarily concerned with flight speeds from Mach 1 te Mach 2.5
and altitudes from sca level to 73,000 feet,

Aircraft equirment can be cooled by transferring the heat to a sink
at a temperature below the cquipment temperature or by Ypumping” the
hcat to a sink at a higher temperature, Direct air, air cycle systems,
and expendable coolant systemr ace examples of the first type, Yapor
cycle systems utilize the heat pump principle,

Fanuserint ml-nrged oy tho auther Jaly 195€ for rullicetion oas a
YAIC To.inienl Mrrort,
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Equipment design offers a means of alleviating the problemn,
Design which reduces the heat dissipation rates s one approich to
the problem. Another approach is equipment designed to operate at
higher temperatures, Both factors should be considered beciuse
the weight and power required to remove heat varics directly with
1 quantity of heat and inverscly with the tempezature at which it must
be removed, Consequently, reduction of heat dissipation rates may
be more than offset if the lemperature level must be redaced, Of
course, the cost of producing the power that must be dissipated must
be included when determining temperature and heat dissipation effecta,
The equipment design objective should be high temperature operation
with low heat digsaipation rates, i,.e,, equipment that will oscrate
ef(iciently at a high temperatare,

In ihis study, vacicus lypes of systvms are anaiyzed, Vapor
cycle systemas punp the heat from the equipment temperature Lo the
higher atmospheric rocovery or total temperature where the heat is
transferred ty the atmosphere, The basic components of sach systems
are the evaporator, compressar and condeaser, and a refrigerant
together with lines and any auxiliary compunents needed to transport
the heat to or from the systern, Air cycle systems utilize heat ex.
changers and a turbine to cool engine bleed air {or simply a turbine to
cool ram air} 50 as to have the sink at a temperature below the equip-
ment temperature, Ducts o conduct the air and a cornpressor to
increase the air pressure and to load the turbine are needed for a
complete cooling aystem, Systems may use expendahle coolants which
underzo a change of state as heat in absorbed from the equipment,
The coolant is then exhausted overboard in a higher energy state, Such
! systemms rcquire an evaporator, storage tank, lines and, in some cases,
s auxiliary heat transport provision,

Lo

. Cooling systcms transferring ihe heat Lo the fuel aa a heal aink are
also considered for some ~pplications,

In addition to the four basic types of systems - vapor cycle, air cycle
{and simple air coolirg) expendable coolant, and fuel cink systems -
numnerous modifications of cach system and combinatione of the various
systems are analyzed,

WADC TR 56-35) 2




The ccoling system has certainm characteristics which must be
comsldered ia the design of a parviicular syetern ur in cumpazison
of different possible desigas. Some «f the factors, such as weight
power Zuhkamption, and drag, have a direct cffect on alrcraft per-
formance, Othera may have an wdi-cct effect on perftirmance or may
havi an effect that makes use of 3 nystem prohibitive or ¢ndesirable,
Among such facturs are space requirement, vulnerability, safety,
convenience, and cost, in an actual case, the various faclors must
all be weighed s0 as to determine the mosi desirable cooling system,
In ges eral, the first three factors, weighs, powsr, and drag having
a direct effect on aircraft performance, are most readily evaluated,
The other factors can then Le used to sciect belween systems thatl are
approximately equal or the basis of perforrnance or as justification
for 3 uystem that may have somewhat greater detrimental elfect
considering only the first factore,

- —

3 In this study, the effect of the various factors alfecting the pers
formance of aircraft are considered on the basis of range, rale of
<limb, and flight duration.

2 The vaxious cooling systems have bren evaluated on the basis of
what will be called an engineering optimirzation, The effects of the
significant design variables have been distermined in so far as possible,
and optimum or near oplimum values have been assigned, In some
inatances, an actual mathomatical optimization has been made, in

other cases graphical rptimazatim was cremed mure feagible, and in
still other cases intuitive reasoning has been considered adequate, A
rigorous mathematical optimization of a cooling sysizem is out of the
question because of the number al variables involved and becauga there
18 no common dasis for {nar effect of) the varivus factors, Factors

Gilwe & than thuse having a direct ciiect or aircraft performance may
frequently be decisive but do not enter intc the mathematival expressions,
1n which case a mathematical uptimization would be irrelevant, Further,
the ruathematical complexity of a formal optimization analysis would
frequently obscure rather than clarify the cooling wystem evaluation and
thus defeat the purpose of the study,

An effort has been made 10 assign typical values to any factors
tnvolving somewhat arbitrary assumptious or pertaining to flight
schedules, aircraft or engine characteristics not specifically known,
In all cascs, the asswuptions that have been made are clearly stated
and the effect of diffe rent asswnptions is pointed out,

WADC TR 56-153 . 3
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ATMOSPHERIC AND FLIGHT CONDITIONS

TR R

- The range of altitude and of flight velocity being vonsidered n

; . thia study is shown in figure 1, Linecs of constunt t .y airspeed are

. included in the figure, The temperature range vertos sltitude {s
shown in {igure 2, The maximure temperature that may be encountered
al a particular altitude will impose the most stringent requirement on
a cooling systemn, Conscquently, all calculations in this study are
made assuming the ambient tegnpe rature is at the maximum indicated

3 by the temperature -altitude cavelope of figure 2,

Th~ total ram temperature at a particular flight condition ia
equal to the ambicnt temperature plus the kinetic temperature rise
and is given by the equation

-} TpaT, +(r. 1)-»13 BTN
F

The total temperatures (calculated fur the maximum aicblent
b temperatures) are plotivd on an altitude -Mach number envelope in
i figure 3, The range of total temperatures considered in this study
thus varies {rom about 50°F at Mach | and 65,000 fect altitude to
525 °F at Mach 2.5 and 35,000 fect altitude,

The recovery temperature or adiabatic wall temperature will be

of interes! far any system utilizing a surface-type heat exchanger,
E The recovery temperature is

Te=Ta v ofr. 12
(% @

Values uf the recovery temperature assuming 4 recovery factor
tr} Li 0,85 are plotted on the ultitude~Mach number envelope in figure
S, The recovery temperaturcs which apply for this study vary from
about 40*F at Mich | and 65,000 feet altitude to 450 *F at Mach 2,5
and 35,300 feet ultitude,
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For any system utilizing surface-type heat exchangers, the heat
trausier covfficients that apply un the surface are of particular interest,
The heat transfer coefficient at a distance x, assuming unitorm tems~
perature, is piven Ly the cquation

Nuy 20,0375 tRe), O+ 8 (91)00 33 t

The heat transfer covfficients that apply for the hot day and far the
Mach rumber and altitude range of interest in this study are plotted
in figures 4 and 5,

The data far figurces 4 and 5 were token from figure 4 of reference
2. The original data were plotted according to the method of reflerence
3, The Frandd number is averaged over the applicable temperatuve
range to give a value of (P30 332 0,89, The other properties of air
are cvaluated at an wtermuediace tempecature T3 TR {1 ¢ 0,134 M2
as given in the reference, The Reynolds number was calculated asaums
ing that the viscosity of the air varics dirccily as the 0,7 power of the
absolute temperature, T', sa that

Be = (5,88 x 109) {Pa '[10.5 Mx} t4)

The heat transf2r cocflicients that apply {or the altitude-Mach
niumber envelope of interest in this stuly are replotted in figure S as
lines of constant heat transfer cocfficivntzs on the altitude-Mach rumber
envelope, Lines of constant recovery temperature, assuming a recovery
factor of .85, are also plotted in figure S5,

The mintmum temperature considered in this study is -63*F, con-
sequently, any systemn inust be deaigned 50 as not to be damayed by
exposure at that temperature (e.g,., damage by freezing), This requires
ment has not be interproted as excluding use of any {luidy that may {recze
at temgperatures above -b5°F, providing the systerm could bu desigred to
provide contiauous coaling without the usc of aaxiliary means of thawing
out the cooling system, In other worda, any system utilizring a fluid
that freczes at temperatures above <65°F miust be designed so that the
heat disgipated by ke equipment being cooled will thaw out any portions
of the system that rnay freeze so that the syesle:mn is capable of continuvus
equipment cooling frem 63 *F ta the maximum design condition,
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Continuous flight is assumed except for systems utilizing an
expendable npolant in wh.ich case systems are evaluated on the basile
of iotal flignt tirne for & simple expendable coolant system or for
the time of a high speed dash for the cruise-dask-crulse flighi, in which
case a combination systierm is assumed,. In the latter case, the system
would be capable of conr:nuocus cooiing at the design cruise condition,

The effect of changw s in the asaurned atmospheric and flight
conditions can be quile wtcurately predicted by referring to figures
) and 5. The trends of zutal and recovery temperature increase
with the square of the Miuch numhber. The surface heat transier
coefficients decrease guvte rapidle s the altitude increases above
60,000 feet, The heat tranafer rates that can be secured by cizrculating
air will 2laso be greatly srduced at th= higher ltitudes, thus greatly

increasing the weight of uny heat exchangers that must transfer heat
to the air at the lower air pressures.
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SECTION &1

EQUIPMENT CONDITIONS

The equipment to de cooled fs not specifically defined for this
study. The cquipment is simply a "box™ that dissipates heat at a rate
from 200 waits t2> ! kw for each item, It is assumed that the tempera~
ture limitations of the equipment will not he excecued if a surface is
provided 2t the equipment at a specified temnperature, Surface tem-
peraturcs of 160° to 2?5°F are assumed. The actual temperature of
cquipment elements will then depend on the cffective overall heat
transfer per unit terrperature diffcrence hetween the clement and the
surface,

Systems utilizing heat trancfer media that exhibit a great variation
in wcp cannot be directly comparced because of the diffcrences that
exist at the equipment component, A system in which the heat is absorbed
by air will have a wide variation in air temperature as the air picks up
the heat, This is 2 direct result of low wcp values for airflow, Typically,
the air temperature variation would be in the order of 100° to 200 °F,
Sysatems utilizing a liquid heat transfer media for which the values of
wcp are usually many times greater than for air can be designed so that
the fluid temperature variatioa is ir the order of 1C°F or even less,
Systems utilizing a fluid that changes state at the equipment have
essentially a constant fluid temperature at the equipment,

A comparison of systems with such widely different characteristics
is therefore somewhat arbitrary and will in general depend on the require-
ments of a particular application. Since the lowest temperature that can
be ahtaired in the equipment is above the inlet temperature, systems
uti'izing air in the equipment will be capable of cooling some elements
to a much lower tempcerature than systems using a liquid transfer fluid,
This is particularly desirable for cquipment which is comprised of
elements that have different temperature requirements, For this case,
cfficicnt cooling is possible by arrangine the clements 10 that those

rcquiring low temperatures are rear the nlet and the higher tempe rature
elementa ncar the fluid exit point,

WADG TR 5h.353 12
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The heat dissipated by the equipment muse be transferred to a
fluid oe sink at a lowcr tcn{perature level, Except for the case where
the sink has infinite therinal capacity, or where the heat transfer
results in a change in state of the fluid, the fluid temperature will
vary as it is circulated through the ¢vquipment, The change in teme-
perature of a liquid oz gas within the equipment is

Tge ~Tei®*QE {5}

The temperature at which the fluid leaves the equipment, Tg,, iy
a measure of the minimuwn temperature difference that will exist in the
equipment component, that is, Tg is the highest equipment fluid tem-
prrature, The cquipment component or scme clements within the
cumponent must be at a higher temperature than the fluid exit tempera-
ture, In this sease, the exit temperature, 1p,. i® 2 measure of the
cooling potential of the cooling system, As such, Tp, is perhaps as valid
as a comparison parameter for most cases as other means of comgaring
systems with widely varying characteristics, Using Tg, as a compari-
son is then simply ansuming that different systems are comparable
when Tg, is equal and can then be evaluated on the basis of weight arnd
power, Other alterniutives are a defincd effective cquipment surface
temperatule OF an average equipment tluid temperature,

An effective equipment surface ternperature for heat transfer that
is dependent on the temperature of the fluid eatering the equipment,
and the fluid exit tumperature, can be defined in terms of an equipment
effectiveness analogoun 10 the us.1=i heat exchanger cf{fecliveness,

ep s Tp, - TE} (6)
Tgs - TEY

Then the effective equipment surface temperature 18

Tes 2 TEi + TEe - TEi k4]
L3

This temperature is an average cquipment surface temperature for
heat transfer defined by the assumed average cffectiveness,

WADC TR 56-35) . 13
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The average temperature of the fluid in the equipment may also
be of interest for a comparison of &ifferent types of systems which
may operate with very small fluid temperature change {e.g., 2 vaper
cycle system) or with a relatively large change in fluid temperature
{e .. AN air cycle system). An average equipment temperature may
be applicable for comparison of cooling systems provided that the
cquipment contains clements that can cperate at varicus temperatures
»0 that elemence requiring a low tuinperature can be elfectively cooled
by the entering fluid, while elements capable of higher temperature
operation can be cooled by the hotter fluid near the fluid exit point,

The means of cooling at the equipment is not specificd in detail,
The actual heat transfcr means will depend on the type of cooling system,
The system may simnly circulate air oves the equipment as illustrated
schematically in figure 6a. This cooling means is particularly adapted
tc air cycle systemms. A liquid heat transport fluid may be used, In
this case, the heatl must be transferred by convection, conduction,
radiation, or by means of an evaporating and condensing fluid, Systems:
utilizing a liquid transport fluid, or an evaparavrer at the equipment,
will be considered as cold wall systems, the heat beiag picked up by
the ¢old wall and then transiccred to a heat sink or 10 a heat pump,

Examples of such systermns are shown schematically in figure b, -c,
Md ‘d.

As pointed ont above, a comparison of systems witk conditions at
the equipment as different as in the case for the air coolant system
{figure 6a) and the viher systems {figure 6b, -¢, and. -d) ia rather
arbitrary, For this study, a comparison on the basis of equal equipment
fluid exit temperature TE, has been 2elected as the most realistic, It
is then assumed that the actual equipment component is properly designed
to be efficiently cooled by the airfllcw or by the cald plate,

The maxirmum distance from any piece of equipment to the cooling
system is specified as 150 feet, The assumed distridbution fr this study
is that the major portion of the cooling 1oad is relatively near (about
20 feet} with a portion of the lcad at up to the ¥58-foot mmaximum distance,
All systems are analyzed assuming the 20-foot distance, the dispersed

load is then analyzed to determine its effect on weight and power require-
ment,

‘fhe effect of different assumptions can be determined by noting the
trerds and relative effects of the egnipment corditions as pointed out in the
section of this report on applicability and evaluation, In general, the systems
show a marked increase in weight and power as the #2quipment temperature
dec.eases, The efiect of dispersed equipment is o1 most cases relatively
less nignificant, The weight and power are approximately directly nrn-
portional to the cooling load for given temperature and cooling conditions,

WADC TR 56-35) 14
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SECTION X

EVALUATION CRITERIA

The objective of a cooling system evaluation is to determine the
relative merits of the various wystems, to define the range of apoli-
cability, and to peint out certain features that may be significant
depending on the type of aircraft and {ts mission,

In the final aralyais, the cooling system should be analyzed along
with the aireraft in general and with the cquipment being cooled in
particular, For this study, it is assumed that the cooling 1oad ard
equipment temperatures nave bean specified, All equipment items
should be designed {or an optimum between miniinurn heat diss:pation
and maxirnum operating temperature as will as for efiicicent tranifer
of heat ta the cooling fluid,

The fundamental factors which should be considered in an evaluatioa
of a cooling rystem are

1} Weight

2} Power requirament
3} Drag

4} Space requirement
5} Reliability

6} Vulnerability

7) Safery

8) Ground operation
9} Conveniencs

10) Cost

Same of the above facturs affect aircrait performance; others rnay
affect aircraft design and dependability, In this study, primary evaluation
is baged on the factors which aifect performance; other facters are
telegated to a secondary rale with a sort of Yveto” poaer, Such factors
are specifically considered and discusscd {or those cases in which widely
varying characteristics are noted,

WADC TR 56-35) 16
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The evaluation of an equipment cooling system requires the
determination of the magnitude of a number of factors ahich have
an adversre ¢!fect on the performance of an aircraft as compared
with the serformance of the aircraft assuming operation is posaihle
without the cooling system, The factors directly affecting aircraft
perfermance are weight, power requircinent, and drag, Yaually,
since it can be as=<n.wed that the cooling system is an easential
picce of equipment, » comparison of various systems based on their
cffect on aircraft performance is of a8 much significance as is the
deteemination of specific effects on aircralt performance, Such
a comparison, being mure general, is frequently of greater value
that a Actailsd woalywis of an eficct, A comparison of this type
rcsults in an equation in which some of the aircraft performance
parameters will cance?, roaaliisyg in an evaluation criteria that is
Guite general ard can be applied te many different cases even without
dctailed performance information,

In general, the cooling system exhibiting the smallest values of
the factcrs adverscly affecting performance is preferable, In the
actual cass, the relative magnitude of weight and power, for example,
will vary widely for ¢ ferent types of wyitems anz, further, it is
frequently possible to roduce the power required by increasing
weight, It is therciore necerdsary to have some means of transtating
the variouy factors of weight, power regrirement, and drag to some
common unit, For this study, an equivalent weight has been selected
as the common unit because all systems and ali comporents pocsess
weight, The actual weight can then be used directly, It is then neces.
sary to determine the power input to the syutem and any drags imposed

by the system and to translate thesz factors into the equivalent weight
anit,

The power lor drag) equivalent weight is then that weight that
would have approximately the same effect on the aspect of aircraft
perferman.e being considered as a given power requirement {or drag
irrposition), The total equivalent weight of a system is the sum of the
actual weight, the power squivalent weight, and the drag equivalent weighe,

The factor used to translate power and drag to an equivaleat waaght

will depend on the type of aircraft, its fli;ht characteristics, and on the
aspect of performancs chosen as the most significant in a particular case,
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Among the aspects of performance which can be used s evaluation
criterid are rarpe, flight duration, and rate of climt, The first two -
would appear particularly significant for bumber and transport aircrafy,
while the rate of climb may be more rignificant for fighter-type aivcraft,

The approximate effect of a small change in the various factors
cién be determined by writing an ¢quation describing the aspedt of
performance selected as a cnteria and taking the partial Jerivative
of that cquation with pespect ta the factors affected by the zooling
system, The change in performance is approximately equal to the
chanyge in the factor timesa the partiat derivative of the performance
equation with respect to the factar being considered, This method of
determining the effccts of the various factors is bascd an the following
Assumptions:

2} The change or increment is s:nall compared with the basic
factor,

2) The flight pattern is essentially the samne with the changed
factors,

3) The equation describing the aspect of performance is sufficieatly.
accurate with and without the changes imposed by the cooling system,

4) Any sccondary effects can Le neglected,

This methed of evaluation requires an equation describing the
aspect of parformance in terms of the factors affected by the cooling
system, A number of such equations are given in the literature,
Refezences 4 and 5 give the Breoguet range and eadurance equations
and a range equation for jet aircraft,

An evaluation criteria based on the range of ar aircraft can be
defined by using the Breguet vange cquation

Rg = (C9/SFC)(L/D) {n [WT/(WT - Wfl] (8}
The partial derivative with respect to total weight is

bRz & "T/SFCNLID) [We Wy - W) W 19)
w i ]
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The fractional change in range for a small change im weight is thea

AR“ 2 af(Wy - WQV w’ _A_W_ 110)
Rg T J\WT- Wi \¥T,

The specific fuel consumption can de written in terms of average
power (P, initial fuel weight {Wq), and time that the fuel will last (t).

SFC = WP 1) ()

The partial derivative of equation {8) with reapect to puwer ia

dRy» Cot(L/D) af_ Wt t2)
IP Tw( T - g

The fractional chazge in range caused by the small change in powes
is them

1AP.p/R3) & (AP/P) {13}

The partial derivative of equation {8) with respect to drag is

3= O LZ a W (14)
L IFCD Wt - w;

The change ir rauge caused by - mall change indrag is then
AR /Rg) & -(AD/D) 115)

The effect of Lower and drag car. ke expressed in terms of an equiva-~
lent weigh? unit thit would have app. oanimately the same effect on the range
of the aircrafl. by wguating the fract -+ I change in range as given by
equations (1€, a..a {15).

ar: ofwr.wl/f w \faw s}
] L)

Then Aw #-[{Wo WY n wr AP (i)
Wr Peg ( W ) [W-r - \\'J(P
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Similarly, the drag equivaleat weight i

I e e LA

The total equivalent weight, the aum of the actual weight, the

power ¢quivalent weight, and tne deag equivalent weight can be expressed

in pounds by mulliplying through by the gross weight,

aw ® AW +]lfwr -weln wr AD - WrAF) (19)
R M rax)

Letting X = Wi/Wop, the initial forl weight to gross weighi ratio,
and assuming a constant lift-drag ratio, equation {19} can be writlen

AchqéAw+ 1.4} n 1 'LAD - 550 L AIP) (20)
X 1 -X DV

An evaluation criteria based on the range equation for jet aircraft
can be derived in an analogous manner, The result is similar to the
Breguet range criteria excait for the factor indicating the effect of the
fuel-to-gross-weight ratio,

The range uf a jui aircraft can he expressed by the equation
{reference 4)

Rg=_C_ L J1- fi-w\*® (21)
SFGC D W
The partial derivative of equation {21) with reapect to a gross weight
]
3Ry # -1 C L fi-w, \"Y w (22)
¥Wr 2SFC D Wy LE

The tntal equivalent weight determined in 2 manner entirely
analogous to that for the Breguet criteria ts

AWp cq= AW 4 2 x_;_l_i..u_:jﬂz](s AD - _g,AP)(zn
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The Right duration of an abrcraft flying a Breguetl schedule can
be expressed by the equation

Dus 950 1. ) -1 124)
5FC DV [u - X) ]
The partial derivative with respect to pross weight is
anu = 750 X (2%)
Wy SKC uv( )u X}

The total cquivalent weight based on flight duration for a Breguet
schedile is then

AWT oo = AW sefi . x. 0. x;"z](_g..an -lvap) (26)
X B P

The three cvaluation ractors are (kus functions of the initial fuel-
to-grosk-weight ratio, of the lift-drag, and weignt-power ratios, The
three functions of the fuel-to-gross-weight ratio are plotied on a commeon
axis in figure 7, )

For lighter and interceptor type aircraft, the rate of climb may be
a more significant performance {actor than flight range or duration, A
criteria Lbased on rate of climb can be derived in a manner similar to
that used for the range criteria. The rate of elimb of an airvcraft is given
by the cquation

G {dH/dt) = {TV « DV}/W (27)

The partial derivative of ¢quation {27) with respect to weight is

(dC/ pW) = - {TV - DV)/WE (28)
The {factivnal effect of 4 small change in weight on \he ratc of
climb is
{AC/C) = - (AW/W) 29
WADC TR 56-353 21 )
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The fractional change in the rate of climb caused by a small change
in power is :

AC s A(TV) (827
c CwW

The partial derivative of the rate of climb with respect to drag is

(d3C/3D) 2 < (VIW) 333

[

The fractional change in the rate of climb caused by a small change
in drag is )

AC/C)a - ¥ AD t13)
cw '

The total cquivalent weight for the rate of climbh criteria (with the
power expressed in horsepower) is

(AW)p o & AW + \_r%_l-) . 5socm-p 34

The curves of figure 7 indicate that with the stated assumptions the
calculated clfect of a power requirement or drag imposition relative to

the cffect of a weight increase depends on the initial fuel-to-gross-weight

ratio, on the equation assumed to define the aircraft performance in the
most significant manner, and on the lift-drag or wright-power ratio,

In this atudy, typical valucs are assigned to ke translation factor
for expressing drag and horscpower requisements in terms of an equiva«
lent weight, e.g., the drag translation iactor {fp) .q) in the case of
Breguct range is {L/D) [U - .‘E)IX] In {1/ - X)§. The toral equivalent
weights are calculated on the basis of the assigred valu:s, The 2pproxi-
mate effect cf using translation factors other tham the assigred values
can be readily determined by noting the effect ol :ze diffcrent assigned
values, The actual horsepower, dray, and actual weights are indicated

for a number of cases, thus permitting compariscn of these basic effects,
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DA the syysicran evaluation foe this study, rhe total < quivaleat weighta
are crleviateed using power translation factors {fp ¢q) with assigned values
of one and twwo. The drag translation factoni{ip eq‘ were aseigned values
a! two and thiree, As pointed cut above, the actual value of such trans-
lation factores depends on the L/D ralio far the aircraft and cn the fuel-
to-grons-weiight ratio, In general, tha L/D ratio decreases with increasing
flight velocityy: therefore, cooling system evaluation on the basia of small
translation ficctors s representative for high speed flight,

It ahaid! be noted that since the values assigred for this study differ
by one, f{or coach case, the diflcrance in the 0%l equivalent weights for
otherwise sizcnilar conditions is numerizally e20al to the drag or la the
horsepower -required,
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SECTION IV

HEAT TRANSPORT FLUIDS

The heat dissipated by the cquipment will zot, in jexeral, e in
the immediate vicinity of the cooling system and therefore e naat
must Le transported to the cooling system or altertately e 2ea? sink
must be brought to the equipment hefore being dispelied cavsicard,

In this report, the phrase “heat transport” is used todestriie e
prucess whereby heat is moved between relatively distart zoemts, as
distinguished from heat transfer which will be reserved 2 222t fiow
between a fluid and a surface, Vapor cycle, regererative axr crcle,
a:d soine of the expendable coolant systems would mos? lixelr <tilize
some heat transport meane, Air cycle systems with ducls =3 cendouce
the air to the equipment and some types of expendasle coulizs sTstems
are exan Mes of systems in which the sink is bro, =t 1o tte egicment
and then expelled Gvervoard, Such systems do nol involve 22al trans-
por! in tae sense used here,

The transport of heat consists of a sir.ple fluid Qow exxcaiz =ith
the fluid undergoing cyclic temperature changes, ije,, atsizt=g teal
at the equipment and giving off the heat at the cooling sysies=. ke
heat transport portion of a cooling system is comprised o w22 lines,

a circulating pump, and the heat transport fluid, It is asso=ed max

the fNluid dors not undergo ary change of state, Fluids thar cia=:e ghase
in a systvm are considercd in section VI! of this «t:dv, rasir crcle
cooling systems,

in the fluid, an increasc in ternperature at the equipmerny, 3 a Secrease
in temperature at the cooling system, In addition o the Zew: aZsosbed

in the cqu.pment, the heat added by the fluid pump die to iricticn in the
pr.mp and lines must be removed, This latter heat aditize 24 rery small
and will therefore be neglected in this analysis,

The heal transport is achicved by virtue of a temperai.sz c2a=ze

The amournt of heat that is absorhed by a transport f1oid s

Q = 3600w cp (T, - TE{) {53)
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€or a given cooling load, the temperature rvise will vary inversely
with e product of the mass flow rate and the specific heat of the fluid
{wecqi. Since weight is une of the major factors in a cooling system, it
is advantageous tu have 3 fluid with a high specific heat, A dense fluid
is 4esirable so as to accure a high mass {low rate with small tubes and
low flow velocity,

The effects of the transier fluid on aircraft performance are ca:ised
by flu:d weight, the weight of the lines and passages at the equipment
and at the cooling system that contain the heat transport fluid, and the
weight of the pump, cleciric motor and associated electrical equipment,
The power required to circulate the fluid will alao have an effect on air-
craft periormance,

Among tre more important properties for a heat transport fluid are
the following:

1) Freezing point must be halow minimum temperature encountered
so tluid can te pumped,

2} Vanor pressure should be relatively low at the applicadble termpera~
tures 3o that excessive proesures are nol nccessary to prevent formation
of vapor, Vaporizalion cannot be tolerated because of the resultant low
heat transfer v1te3 and the possibility of vapor lock,

3) Thermal conductivity should be high s0 as to secure high heat
transfer coefficients,

4) Specific heat should be high, reducing the required mass flow rate,

%) Density chould be high so as to reduce volume flow and siz= of
lines,

&) Viscesity should be low to reduce pumping pover,

In addition to the above qualities, such factors as toxicity, corrosive
tendencics, availability, anc cost should be cunsidered., The propertics
of particalar interest in this study of several of the {luids that appear
most promising as heat transfer fluids up to a temperature of 275°F are
listed in table 1 {reference 6),
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An analysis of the various systems utihizing heat transport fluids
indicates that the ~ffect of differences amony the better tranaport fluide,
on the total transport system weight, is rather small and also thae the
traniport system is usually a small part of the total equivalent weight
of the syatem, In this study, a fluld transport system with ethylene
glycol an the fluid has been assumed fur all cases up (0 & temperature
of £19°F. Tho use of any of the other fluida listed in table } will not
appreciably alter the total equivalent weights, The ethylene plycol
sulution was chosen primarily because of its relatively low vapor press.
ure and for safely considerations, i. bring a non-toxic and non-cumbustible
fluid,

TRORET

Heal transport at the high condenser temperatlures requires a fluid

1 with special properties, particularly o tluid that is stable and has o

low vapor pressure at the applicable temperature. Properties of several
fluids at 500°F are listed in table 2 {references 6, 7, and 8), In thia
study, Dowtherin is as- uned to be the transport fluid for all systems
requiring hee, transport at temperatures above J00°F, The selection
was made prircarily on the basis of vapor pressure,

The teat dissipated by the equipment must be transferred through a
tube or passage wall and then to the heat transport {luid, The meanas of
trangferring the heat to the wall from the equipmient is discussed in
scection ! of this report, The transfer of the heat to the fluid ia by
forced convection, The regquicsd arca isa a function of the temperature
differences, the heat transfer coefficient, and the cooling load, Since
it is vory desirable to minimize temperature drons and area, it is
advantageous to sccure high heat transfer voefficients,

The significance of the heat transport {Luid «a the averall cooling

system performance and on its total equivalent weight varics widely

' depencing on the t, pe of system considered, The weight flow rate times
the specific heat | wcp) for the heat transport {luid determines the differ-
ence between the cquipment inlet and exit temperature, The equipment
exit ternperature is specifivd, consequently the inlei temperature is
determired by the heat transport system, The cooling systern must
provide a temperature below the equipment inlet temperature, Any sys-
ten, for which the weight or power 15 sensitive to the minimum tempera-
turvs that rnust he attained is 1ffected much more by the heat transport
system than is a system in which low tenperatures are more readily

LCELSOU,
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Yauor cycle systemn, because of the significance of evaporalor
temperature (the minimum lempe rataze i the system) on the com-
pressor size and weight and on the poxer requirement, are relatively
sensitive to the heat transport system, The regenerative alr cycle,
on the other hand, becaune of the Yow temperature charactcrintic of
the system, is relatively unaffected by the heat tranapert system,

The cquivalent weight of the heat transpo.s system can be approxi-
mated by the empirical equation

Weqr e 2xe) £ (36)
100

Tue valuv of £ should be the line lungth or t:icr the distance from
vquipmient (0 the cooling system, Equation {30} ix a gam! approxiration
provided the transport system equivalent weight, as given by the equation,
4 does not drop belaw about six pounds, In that event, a reasonable cati~
mate of vicight is accurate enough for compariuvoen of varicus systems,

Equation {36) is an empirical approximation to the cquivalent weight
of a heut transport system in which the tube vize and Nluid flow velocity
have hecr optimized when used as a heat transport system with a vapor
cycle cooling system., The optimization iz with respect 10 a minimum
toral equivalent weight for the cooling aystem and transport system,
While somewhat lighter heat transport aystems could be used with some
systems, the regonecative air cycle, for example, the change is not
considered sigrificant, Consrquently, equation {36) may be used ior
nearly all cascs,

A3 pointed © X above, the use of auitable trarsport fluids other than
. the water-cil;lcne glycol solutiom a3swmed in this study will have a
relatively minor effrct on the total eqaivalent weights used for cooling
system ¢valuation,
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SECTION ¥

COMPREZSION VAPOR CYCLE COOLING 5YSTEMS

Orie of the methods for coaling aircraft equipment at high flight
speeds is by meana of a compression vapor cycle cowling syatem,
Thin method tranafcrs heat {rom the equipment by unlining external
energy to pump the heat to a sink at u higher thermal potential, The
heat purnping fMluid undergoes a change of atate in goung through the
various partes of the cycle, The cooling effect is obtuined because of
the heat required 1 change the atate of the fluid fiuo. tha Mgald 9
the vapor state,

L. Barsic Considerations

Vapor cycle cooling systems are shown schemazically in figures
8 and 9, In theae systems, heat is trznaported fromr the 2quipment
to the evaporator by means of a circulating heat trarsporet fluid, The
heat is then absarhcd 2t A relatively low temperature level by evapora-
tion of the relrigerant, -+ ’

The major components of a vapor cycle cooling syitem include
1} The refrigerant or working fluid
2) The evaporator in which the heat is absorbed

3} A compr.aisor to circulate the refrigerant ar 1o increase the
preasure and temparature

4) A condenser to reject the heat to the heat sink {nurmally the
atmosphere

%) An expansion valve to control the refrigerant Jlow wnd reduce the
pressure,

A coanpressor power supply system, the nccessary cwntraols,and in some
cases scvarate components for heat abseri.tion at thy equipment and for
heat transport complete the typical vapor cycle coolimpg system,
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; The liquid refrigerant is introduced thy means o > prossures
' reducing expansion valve) iolo an evaporator maintained at a pressure
: such that the bodling point of the Yiguid refrigerant is at the desired
E : tumperature,

After abworbing heat in the evaporator, the fluid in a

: higher enerpy level vapor state is transferreed to a condenser in which
' the pressyre is sych that the vapor will ligaefy when heat i removed,
P The heat of vaporization (s thuk absoerbed by the fluid at the lower

1 evaporator temperature and given up to a heat aink at the higher con=

denser temperature, Energy must be supplied to iring the vapor from

the evaporator pressure and teraperatire tu the higher condenser
pressure and temperature,

: The fluid which is used in a4 vapor cycle system . crpues cyclic

] enanges in state ard temperatare and, by virtue of such changes, is

: used to transfer heat from one temperature to a higher temperature,
The fullowing refricerant property values are of prime interest ax they
will affect the range al applicability and the performance of the systenmg

1) Critical temperature

e

Z) Freezing point

3) Latent hrra! of vaporization

4) Specific heat of liquid

‘ 5) Specific heat of gas at cunstant pressure
| 6} Specific heat of gas at constant volume

1) Vapor pressure

The critical temperature delines the maximum condenser tempera-
turc. The minimura cvaporator lemperature is determined by the freezing
] point, These two values do not directly enter into the equation defining
| couling cffect or pawer input but are faciors of prime importance, The
fNuid must be above the frerzing point throughout the cycle, thus being in
3 the liquid or vapor state, so it can be readily circulatad through the system,
3 The critical temperature 1a that point abuve which the vapor cannat be
1 liquefied regardless of pressure and, as the cycle reguires condensation
- at the dink temperature, the eritical temperature defines an upper limit
T for the condenser temperature, In piactice, the maximum lemperature

must be considerably below the critical as the refrigerating effect decreaves
and the work of cumpression increases rapudly as the tomperature approaches
the critical value,
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The other property values listed above have a direct 2itect on the
power requirement and performance of the cycle, A detailed study of
the vifect of *hese facturs, as well as the effece of temperature levels,
follows the mathematical derivation of the perflormance characteristics
of the cycle, Briefly, considering cach factar :ndepend:atly, the
desirable qualitiew in a refrigcrant are as followar

1} High latent heal 10 secure high cooling «ifect per pound of
ceirigerant

2} Low specific heat of the liquid to svcunt greater cooling effect

3} Low specific heat of the vapos at conatent pressuve for amall
work of compression

4} High spercific heat of the vapor at constunt volume for small work
of compression

5} Vapor pressure near atmospheric pressure at evaparator
temperature 80 the cycle will gperate at low poegsure

&) Small variation of vapor presiurc with temperatuzre 30 as tg
worx &t low compression ratio with resullanl small work of compression

In actnal fluide, the factors are interdependent 50 that some of the
adove desirable gualities are mutually exclusiae, e, g, . hizh latent heat
will usually accompany high speciflic heats, C-umsequently, a balance of
qualilie= must be determined, considering the magnitude of each cffect
and the range of values for actual fluids,

v B. Analysis of the Cornpression Vapor GCooling Cycle

In thia preliminary analysis, pressure loases are neglected and
efficiencies of 100% are assunied, The cifect =f actual pressure losses
and typical efficiencies are included in the detailed analysis of componcnta
and in weight determination,
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1. Coolirg Effect at the Evoporzatos

The cooling effect of the vapor cycle per pound of refrigerant in
dependent on the latent heat of vaporization, the specific heat of the
liquid, and the temperature difference between the cvaporator and
condenser. Part of the heat of vaporization js supplied by cooling of
the liquid refrigerant from the condenser temperature to the evaporator
temperature, the balance is supplied in the evaporator and is the net
cooling effccy of the cycle, The cooling effeet, assuming constant
specific heat, s givin by the equation

Qu = Ly -cp (T - Ty) Btu/1b refrigerant 37)

The heat of vaporization, L, decreasss as the temperature ircreases
and is zera al the critical temperature, Asauming constant specific
heats, the heat of vaporization, Ly, at temperature Ty is ralated to that
at & tetigs Taiure T by lhe equation

Lv =L, - (CPI - CPE) ‘Tv - T) :38,

Equations {37) and {I8] "1dicate that there is a definite Iimit to the
temperatare difference and to the condenser temperature for which a
particular Nuid can be used as a - efrigerant, The critical icmperature,
because of the variation of specific heats of actual fiuids, is usually lesa
‘han would be indicated by cquation {(38), The practical limit ol the
condenser tempe rature depends on the critical tempemture of the fluid
ana tae allawable power irput,

2. Work ol Compression

Operation of the vapor cycle requires the transfer of the refrigerant
in the vapor state from the cviporator tlemperature and pressure to the
highes temperature and preesure that prevail in the condenaer, The
aeccssary encrgy 18 added to the vapor by means of a mechanical come-
pressor, The work of compregsion ‘per pound of refrigerant} is dependent
on the pressure ratio, the initial pressure and volumne, and on the com-
pression exponent,
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The work of compression in general is least for iaothermal
compresaion, in which case the exponent {n} in the equation
i pv! = ¢ is equal (2 one; however, this criteria would not apply

7 : to compresasion for a cooling system begause the vapor tempe rature

E . must be increased to the condenser lemperature, thus precluding

: constant temperature compression, The ideal case for the vapor

cycle would be an exponen: % such that the temperature after com-

pression is just cqual (o the ccadenser temperature, the case ¢f no

superheating during compresiion, In practice, there will be a varying

s, n»Y {where 7 is the isentroric compression exponent) for the first

par cf cirupression and n< ¥ for the halauce of the compression

tecause of heat tranafer considerationw, For fluids with a pronounced

3 tendency to superheat during comnpresti~a and with an efficiently

3 cooled compreseor, the effective vilus 0w n may be somewhat less

than ¥ and the tewnperature riny lesa than the adiabatic temperature

9 : rise, For sach caics, an analytical trealmen?, assumwngne ¥,

] will be conservative as this assumplion would irdicate a temperature

3 aftee compression greater than the actual temperature, For fluids
that mave little or no tendenicy to superheat during compresaion or

. for compressors not efiectively conled, the asswnption n =¥ would

: be nonconse rvative,

[ E——

S

4 ' If commprassion is assurned to follow a polytropic curve, §,e,,
: pvh = ¢, the work cf compression (Btu/lb) is given by the equation

1 Q=_n_ gy e "n o (39)
. -1 L.ﬁ

In case the compressicn is isentropic {(pv¥+ ¢), the work of
compression can be expressed by substituting  forn

[ .71
N Q= Y e1vyife\ v -1 {10}
- =1 ] n

- where Yacgley
3 p1v] 2 RTy
‘ Ax S (cp -eyd

; Sabstituting these values, the work of isentropic compreasion is

3 7-1
3 Q= cpg Ty [(g_;)"i"l un
1 Pl
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" an actual compression system, the compression ratio will be
X greate r than the ratio uf condvaser ta cvaporator pressure because of
line ang valve pressure lossrs Levtacen the cylinder {or other come
areasive ciement) and the evaporator, and also Lhetween the compressor
cylinder and the condense v, Allaxance must be made for such pressare
drops to determine actual performance; however, in the initial phases
of cumnparative studica, such factors can Lo neglected, The elfect of
presgsure drops i condidered on 4 poacr input Dasis and is disucsied
in & subseguent section of this roport,

3. Hceat Dissipated in the Condenser

: The heat geaveated by virtae of cumpreszion, in addition to the heat
ahsnrbed by the e aporator, must be dissipated by the condenser, That
heat, assuming iseatropic compress:un and neglecting efficivncy offects
is given Ly the sum of cquations §370 and {11),

vy

r- 1
¥ 1 (42)

Q= Ly -9 ITR-Tvhveon, Ty (_!_!_!.;
by

or, using condrnsrr and maximum compression t s perature,
= t-K + (pg 'Tn_u - TK’ (‘3)

4, Pressure Redaction

An expansion valve is nrovided 1o reduce the pressure from that in
the condenser to the craporator pressuare. The expansion is a constant
enthalpy proces.,, Consequently, ae heat as transferred,

5. Power L'I'I:lll

Yapor refrizeraticn cycles are asual'y evaluated on the basis of the
covflicient of performance, waich 1> defined as the refrigerating effect
divided by the power reguired 1o drive the compressor, For this analysis,
the powece input {per wnit of couling), which is the inverse of the coefficient
of performance, will more clear)y indicate the effect of changes in con-
denser temperatare, in CVaporator tvmperaiure, and in property values,
The powsr inplt as used here is The eneryy that is added to the refrigerant
and therefore dues nit reflect o axpressor eificiency or pressure drop,
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The power input (P} for a vapar cycle cooling system, assuming
isentropic compression and constant specific heavs, is given by the

dinensivaless eyuation -
1, \ Ll
P2
Prec,, Tyipr) 7 - | {44)
I - Lpl(‘rz - T’J )

Fquation {42]) can be readily solved for any condiiion for which the
Lapor presxibed are Known, assuming constant specific heats, or, by
integrating the Clapeyron equation, the pressure ratis can be eliminated
from equation (43) giving an expression for an ideal vapor cycle, PI,
that ia dependent only on temperatures and the refrizsrant properties,
Arn analysin of coeflicient of perfermance with similar assumptions
‘> presented in reference 9, '

¥r the ":ideal” vapor, it i3 acsswned that the 1:4233 volume is
novlng Bla, the sperific heats are constant, and the vasor abeys the
LTI
Tae Slapcvea cquation ¢ Jhen » o (tten
dp/dT=J1 L,/ Cv ' (45
. .
Eliminating v by the perfect gas relation,

pvs R T

equation {45) can be written

dp a JJAZT.
P RT
The heat of vaporication at temperature T is
L= !Jt * (Cpg - Cp’ )(T - T:) ' (46)

Suhstituting this value in Clapeyron equatiun, givee

dp = .J.p‘l ~lcpp = cpp) Ty v epa - (—(:J_1 (47
p R{ Te T 4
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Equation (51) jives the ideal vapor cycle power eequirement and
is particularly vaiuable to illustrate the cffect of temperaturcs and of
property values, &nd as an indication of practical operating ranges fop
refrigerints of various properties, It must be remembered that thaa
equation, being for an idealized vapor, doca not take the critical
temperature or the freezing point into account aad can therefore be
applied to a specific fluid only when the maximum temperature ts well
below the critical, The actual cycle will require somewhat more power
than the idealized cycle of equation {S1) and that powee input will uve
creasc without limit an the condenser temperature approaches thy
critical value,

b, FEffect of Refrigerant Properties

The ideal vapor cycle power input {PI) versus condenser temperature
for a range of property values and for an =vaporator temperature of 160°F
is whown in figure 10, The variation of Pl with condenscr tempevature
for veveral of the Freons considered as idealized vagors with constant
propertics is shown in ligure !l, 7The upper cnds of the curves are
inzccurate as the temperature is then approaching the critical where
the actual power input becomes infinite, The Carnot cycle, an ideal
theoretical cycle, dependent-only on temperatures, is shown on each
grapn, Because of thermodynamic considerations, no cycle {actual or
theoretical) can have a lower Pl than the Carnot cycle, The ideal vapor
cycle power input can Be anzroximately determiined for uny refrigerant
‘operating hetween T] :nd 12 if the property valucs are known, The
cvrves indicate that, at the lower temperatures considered and for the
smailer iemperatlure differences, the usual range of propertics do not
have a very marked effect, For a temperature difference of 100°F, for
example, the maximum difference in Pl is about 10% for the range of
values cunsidered, {The properties of the common refrigerants are
included in this range,} As the temperature difference and the condenser
temperature increase, the variation of PI with A is very marked, Re-
frigerants with a low A arc therefore climinated for the higher temperature.
applicationg, The Pldeccreascs as B decrcases, but this factor has a
relatively much smaller effect than docs A, particularly at the highee
temperatures, For actual fluids, the value of B is always greater than
one and for many refrigerants is approximately 1,5, For high temp :rature
teirig tration, the significance of A, therefore, completely overshadows
B and is a factor of prime significance in determining the range of
applicability of a particular fluid,
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When checking the suitability of a fluid for a particular application,
the following factors should be cunsidered:

{) Critical temperature

2) Freexing point

i} Valuco of A 2nd B

4) Weal PI

5) Aparoximate acwwal Pl{calculated from tables or charts)

£) Pressures and pressure ratios that appiy at specified tamperatures

7) Cooling effect per pound of relrigerant

8) Volume per unit of refrigeration

The firet five factors define the therniodynamic applicahility of the
fluid; the last three factors serve as an indization of the mechanical
design problema, such as comp.tasor ‘ype and the size, strength, and

waight of componenta, Somc uf t e mere significant prop-riics for a

aumber of refrigerants are listed in ‘able 3 (references € and 10 through
14),

T, Use of Water as the Refrigerant

Many of the usual refrigerants cangotl be used without an auxiliary
air cycle to lowz T sink temperature for equipnent cooling at the highey
velocities because 2l the high tota: temperatures that prevaii. The factors
that clintinate such fluids are critical temperature and latent heat of
vaporization, Water is a substance that has a high critical temperature
{705°F or 1165°R) and a very high latent keat of vaporization {about 1000
Biu/lb at 160°F). The treering point (32°F) is & ¢ some of the minimum
temperatares that will probably be encountered, but this would not he a
cycle factar during the time when cquipment cooling is needed as the
temperatures considered are from a2 minimum temperature of about
150*F. The design of a system which would not be damagerd by frcezing,
v.E«. Wken the aircraft as parked in cold weatker, and, furtier, a system
trat v.ould automatically thaw out by virtue of heat given off by the equip«
ment to br cooled would not be a particularly difficult engincering problem,
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The critical temperature of water, T05*F, is well above the maximum
total temperiature connidered in this studv tapproximately 525 °F) no
this is nut A major factor, The value of B, Cop fcpp is approimately
Z for water, which ts large caumpared wit other retrigerants, The
value of AL /ey, ) is approximately 1850 for water at &75°F, which ks
very large, Considering these factors together, and in view of the
curven of figurens 10 and 11, it \ppears that water would be a very
desirable fluid for such high tempe ratare applications, The power
reguirenient 1or water i3 much lower at the higher temperatures than
for the fluidi nure coanmonly uked as refragerants,

The advantages of water an a refrigerant are not surprising when
une considers it complets domination in other vapor cycle applications,
such aw stemn heatinyg and steam power genegation aystems, The thermao-
dynamic propertics which miake water so attractive in these fivlds are
as appraling for capor cycle cooling at the higher temperatures, The
thermodynamic propertics are nol even approached uy any of the athee
fluids studied,

The attractive qualities are accompanied by certaia factors that
create special problems, Among the disadvantage s are a rather large
variaticn of vapar pressure with temperaivre, therefore requiring a
relatively high pressure rotio from the evaporator to the condenser,

Thia factor, together with the relatively high cp/cy ratio (character-
istice of gases with a small number of molecules per atom), results in

a gas with a pronounced tendency ta superheat when compresiaed isen~
tropically, If the pressure ratio is high, due to a large tempe rature
differeace hetween the evaporator and condenser, the vapor at the com-
pressor discharge will have a high superheat, In case that temperature

is excessive, tha compressor must e cooled during compression, A
r.cans of controlling the comprersaor discharge temperature by means

of condensaty blecd is illustrated schematically in figure 12, The com-
pressor exit ternperaturce is controlled by means of a valve which admita
liquid in a fin¢ apray {rorn the condenser to the later stages ol compression,
The valve is controlled by the compresasor discharge temperatare. In
this way, the superheat will be absorbed in evapnaratiug the liquid, The
compressor discharge can be maintained at a predetermined lemperature,
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The relatively higa freesing point of water is a factor that imposes
certain design requirements to eliminate the possibility of damage by
{reezing and ¢ assure a sclf-thawing unit se as to be operative when
cooling is required, Figure 1} is a schematic diagram pointing out the
unit arrangement and design features which could be used tc eliminate
the adverse effects of freezing, The lines containing water would be
made of non-clicular sections that would expand without damage if the
water {reezes, An auxiliary temperature-sensitive switch in series
with the regular control swirch would prevent starting the unit while
frozen but would automatically start the cooling system when the unit
becomes ice free, A heat traaafer fluid, such as a water-alcohol
mixture, that would not frecae would be uaed to transport the heat
fr~on the equipment to the evaporator, The lines carrying the heat
transport fluid would be adjacent to, or integral with, any water lines
subject to froesing, In this way, the unit would be self-thawing and
oparative at all tiimes that the equipment approaches the deslgn tempera-
ture, Th2 heat of fusion of the water would be utilized for the lnitial
couling of the heat tranafer fluid,

Figures 14 and 15 indicate the power requirement icr a vapor cycle
ccoling system using water and using Freon-11 {one of the better Freons
from this polat of view), The curves were drawn using actual enthalpy
valuce as taken from tables and charts aal, therefore, do not involve
the assumption of constant specific heats, Iseniropic compreasion was
assumed in each case, This assumption, consilering the effect of fluid
characteristics as peointed out in a previgus part of this report, is
probably conservative for water but is nonconservative for Freon-11,
The actual difference would, therefore, likely be even greater than
indicated by the figure, Freon-11 may be rather unstable at the higher
temperatures and would have to be thoroughly investigated bef-re appli-
cation at the higher teamperatares considered,

A swtudy of the figure indicates that watey has a slightly lower power
requirement than Frcon-11 for condecnser temperaturces up to 275 °F,
Above 275°F, the differcence increases rapidly, the PI for water being
about two-thirds that for Freon-11l at a 340°F condenser temperature,
Even neglecting instability, the absolute iimit for Freon-11 is about 360°F
while for water the condens _r temperature can go above 6Q0°F, At 360°F,
the Pl for Freon-11 is approximately the same as at 500°F for water, The
deviation from the ideal Carnot cycle is also interecting, e,.ga, the Pl for
Freon-l1 is approximately twice the Carnot value at 340 *F while for watepy
the Pldoes not double the Carnct value unleus the ¢ondenser temperature
is about 540°F,
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Figure 16 indicates the varialion uf couling effect per pound of
relrige catit with condenser temperature for water at an evaporator
temperature of 1AU°F and 275°F and for Fruon-11 at an evaporator
temperature of 160°F, Because of the high latent heat of vapoerization
of water, the cooling cffcct in much greater, Figure 17 gives the
vapor velume per unit of couling versus the condenser temperatures
for water and for Freon=il  Because of the low density of water
vapor at the pressure {abouy 4,75 pois) thay applics for a Fo0'F
evapuratar lemperature, the volunie is high, indicating the nced fer
a relatively large dicilacem nt caompressor, At 2 275°F evaporator
temperataure, the vapor pressure has increased to about 4% psia and
the volumse ia reduced to approximatcly onn-tenth its valuc at the
160 °F evajorator temperature, Compressor ratios versus condenser
temperatwres are shown in figure 18 for Freon-1l and in figure 19 for
water at wvaporator temperatures {rom 1507 (a 270°F, The values
of cooling vifect, volumes of vapor, and pressurcs that apply for
specific couditiona determine the type of compreasar and {h2 required
rize, stremgth, and weight of system components,

C. Me-nunical Components of Vapor Cycle Coaling Syatems

The snechanical components are the units which contribute most of
the weiyht .of the system and becausce of cfficiency and temperature effects
have a dimvct bearing on the power requircinents of *he cooling system,
The ¢components should be designed with due consideration for the
refrigerant to be used,

1, Cumpressors for Vapor Cycle Cooling Systems.

The cefrigerant in 2 vapor cycle ronling systens must be iansferred
from the evaporator to the condenser, The vapor leaving the svanorator
is at a reLutively low pressure and tempecature and must be increased to
the energy level of the condenser, The addilivnal energy is supplied by
means of u compression pracess, In the conventional reirige ration ar heat
pump cycle, the difference in energy is supplird by a mechanical com-.
pressor, The function of the compressor is to increasc the pregsure of
the refrig rant 30 as to permit transfer of the fluid from the svaporator to
the conder ser and to increasc the temperature potential so that heatl can he
transferred to the sink, The compressor is the mechanical unit which
comprena+s the refrigerant and, in cffect, pumps the heat to the condensor,

WADC TR 56-153 49




Gt gt ¥ el A i A o it

1000 — [ I [ 1

i T Water, Ty s 2TS°F
150 \*—?:t ——

J Water, Ty = 160°F —F \%
2
3 500 - i
@
-
W
-
3 o0
8 — Fireon-11, Ty s 1L0°F
r /— ‘1 [
o

209 250 ico 35Q 120 450 500 530

Condenser Temperaturw, °F

FIGURE 16 COOLING EFFECT PER POUND OF REFRIGERANT VERSUS
SONDENSEX. TEMPERATURE FOR VAPOR GYCLE
COCLING SY3TEMS
2 . }
B o6 p-—
=
™~
’ -FETY = ]

Qo T i
8 Water, Ty = 160°F —\/
1 Y
o .-—-/.
-9 a1
§ 0.08 F="""—"] —+4—
) » : |
- Freon-.il, Ty{ » L0 *Fy i
 0.04 — -1 S }
'.; —/ F—Wuer, Tv = 275°F ‘
3 —-—-—-T—""'" |
] I
%9

200 250 300 350 100 450 500 S%0
Condenser Temperaturre, *F

FIGURE 17 REFRIGERAN!T VOLUME PER UNIT COOLING VERSUS

CONDENSER TEMPERATURE FOR YAPOR GYCLE
COQLING SYSTEMS

WADG TR 58353 50




10

™\,

e

--gktvaporuor Tempdsfature

s \\/

140

Yy

T
AN

Pressure Ratio

% 200 220 240 260 250 300 3

Condenser Temperature, °*F

123
(=4

310

FIGURE 18 FPREISURE RATIO VERSUS CONDENSER TEMPERATURE
FOR FREOM - 11

WADC TR 56-3%3 $1




G e s gy e

180 b /

| /

140 p— /
120 ! +
) Evagorater Temperatute, - /

b i
i

80

60

40

29

Pressure Ratlo

220 L0 300
Conlenier Temperature,

FIGURE i» " RE>SURE RATIO VERSUS CONDENSER TEMPERATUYRE
tOR WATER

WADC TR 94-1%) s




m:—-*‘—“‘m’* il

The basic considerations that determire *he type of compreasnor
that can be used for a vapor cycle cooling, sy-term are:

1) The refrigerant propertins
2} The required condenser temperature
3} The requirecd evaporalor tmperature

The refrigerint vapor presdsure at the condenser aud ot the evaporator
wmperature defines the required pressure ratio and the working preszsare,
The specific volume, latent heat, and spesific Reats at the applicable
tempe ratures define the vulume and weight of {Luid that must be pumped
and the reguiced eneryy input, The effects of such fluid propestics are
diswussed in the preceding part of this repert, The noslecular weight or
deamry of the vapor, togethor with the volume flow and pressare ratio
required, are the major factors which dictate the type of compressor
wkichi can be uwica for a particular application, There are two pencral
types of compressors that have applications for vapor compression,
dynamic ard positive displacement types,

The refrige rant in a vapor cycle system can be compressed by
dynamic type compressors in which the compression is sbtained hy
virtue of a change i ~elocity of the vapor, Esxamples of this type are
axial flew and contrifugal compressors. The frrmer would not likely
nave any applicalion in vapor c¢ycle cooling systemns, Centrifugal com-
pressors are widely used for vapor compression, The compression
ratio that can be atlained with centrifugal urits depends on the tip apeed, i c.,
the rotational velocity, and the radius; and on the density of the vapor,
C:ntrifugal compressors are thercfore usually nsed te compress relatively
dinse vapors and in applications where the pressire ratio {per stage} is not
too greal, Genirafugal units are particalarly attractive for relatively
large volume flow ratey, This tyne of compressor is discussed and
aralyzed in references | and 9,

Positive displacemvent compressors ire widely ased both i coaveational
piston-type units and in many variations of rotarvy type units, Reciprecca‘ing
units reguire very carrful design 10 reduce the weipght of this type of uait,
Tae usual somewhat large weight is primarily a result of the relatively
lew rotational speeds usually uscd with this tyse of comnpressaz,

Roatational speeds are Limited by the reciprocating parts and by limitations
wmposed oy the conventional reed-type valves, By atilizing light weight
parts and possibly pasitive action valves, poppct or rotary type, recipro-
cating piston compressors ¢ould possibly be designed that would be
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competilive on & weight basis with other types of compressors, In
Reneral, reciprocating compresiors are  omewhat moure efficient
than other positive displacementy units,

The poswtive displacement rotory type of compressor appears
very promising for lghtweipght aircraft cooling systems, The
mechanical simplicity and high rotational speeds that can e used
with units of the Lysholin type result in very light weight and high
capacily unita, The weipht adventage of such units is partialiy offsey
hy the lower efficiency, typically about (5%, as compared with
efficiencies of approximately 80% {ur reciprocating compresecors,

For the purposes of an analytizal siudy, it is desirable to detfine
a relationship between the woight of a compressor and the operational
factors such as rufrigerant flow, presaure ratio, volumetric efficlency,
number of stages of compresiion, ete, A study of a number of com-
oressocs made by varisus mancfacturers indicates that the weight of
a Lompresser can ve approximated by an empirical formula of the type

Wg s (A + B Vp)in)a {52)
v

For a reciprocaling compreasor designed for aircraft application,
the constants were evaluated 1o uccure an empirical equation which
will approximate actual units for the displacement vrange from 2 to 40 clm,

We = (4 +0,5vp) nlit 131)
Y

The weigl.t ui positive displacement rotary comprassors of advanced
design can be approximately defiucd Ly a aimilar viuation fur the given
displacenmuent range,

WG s (34 0,1Vp) al/2 t54)
My

The conttawte in the abovas equations can, of course, be selected
80 as to approximate other types of compressors, For & particular
application, the actual weight should be used f it is known,
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The power supply system for a vapor cycle system 1numt furnish
puwer for vapor rompreasion an! (o pump the kraniler fluid through
the lines from (he cquipment Vo the evaporator and in some casce
‘vrom the condenser to a heat exchanger, The fundamental effects
=f the power supply system are a weight addition and a power
requizement,

The required refrigerant volume flow rate (Yg) at eva nrator
conditions per Bty and per kw is ploited vazaus evaporator temperalture
for Freon-11 and for water in figures 20 and 21, respectively, The
required compressor displacement is equal to the refrigerant volume
fluw divided by the volumentric efficiency {n,).

The power inpul for the compressar ja cqual to the cooling load
limies power input divided by e compressor efficiency, With the
cooling load expressed wn kilawzits (kw), the required power in
horscpower (HP) is

P s kw FI {3%)
0,746 T

The power for cirrulating the heat transport fluid is deprnuent on the
flow rates, line lensth, diameter, and on the fluid properties, The
heat transport part of a cooling aysiem is discunsed in section IV and
in appendix Il of this report, The power can Ye supplicd by an electrig
systum, u pacumatic system, or a hydraulic system, ’

The weight of an clectric power supply system includes the weight
of the motor, the additional weight necessary for incrvascd generator
capacity, and the weight of wiring and controls,

The weights of various sizes of typical eleclric motors made by
different manufacturers have been investigated, The weight of typical
high speed aircraft type a-c motors are plotted in figure 22, A good
approximation to the weight of high speed a-¢c motors for the 1 to 1Q P
range is given Ly the lincar equation

Wz=5%+1,5H {56)
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The weight of larger, high spred motors, from 10 to %0 iP can
be approximated by the equation

Walle0.7WP (57

The weights of typical a-c electric generators are plotted in
figure 23, The linear approximation to the weight of generators in
the range trom 3 to 25 kw 18 given by the equation

Wa il+2kw

The weight of yeuerators for the range 25 to 90 kw can be
approximated by the equation

Wa2740.6kw (58)

In determining the gonerator wei ht to be charyged to the cooling
system, it is asa'ured thot the aircralt will have a generator and that
the cooling system wili require an ircrease in the gencrator capacity
and, therefore, will be charged with the additicnal weight, I is
ansumed that the actL .l generator is in the larger range and, to allcw
for motor efficiency and line losses, it will be assumed that each
horsepower requires onc kilowaitt generator capacity, The generator
weight for RC units charged to the cooling system is then approximately
defined in terms of required horsepower by the cyuation

Wal,6H {5¢)

The weights of typical d-¢ moturs ana generaiors are dlotted in
figures 24 an2 2%, respectively, A comparison of the a-c and d-¢
datz indicates a relatively large weight advantage for the a-c units,

The power input veysus condenser temperature for the entire ange
of evaporator temperatures are pletted in figure 26 for vapor cooling
cycles using Freon-1! and in figure 27 using water, It should be noted
that on the carves for the water cycle, the acale of the horizontal axis is
40* Letween erach vertical line as compaved with ¢6* for the Fre-n cycle,
Thus the power input for the water cycle increases much more slowly
with increasing condenner temperature than it does ior the Freon-11 cycle,
The valies as plotked are dimensionless {e.g., Btu/Btu or kw/kw) and
are plotted assuming isentropic compression neglecting valve or tuhing
pressure drops, The effect of inlet and outlet pressurc drops are
illustrated by the curves of figures 28 and 29, respactively,
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At the lower temperatures and the smaller diffe rences between
condenser and evaparator temperature, the power lapul, assuming
{serirupic compression, {s within adout 10% for Fraon-11 and for
water, For all conditions in the range consldered, water exhibita
a lower Pl than o .es Freon-1!, about 70, of the Pl at a 150°*F
evaporator and 300 °F condenser temperature, Water requires
less than half the power at a 150°*F evaporator termperature and 360°F
condenser tempevature, Freon-11 has a critical temperature, 333°F,
so would not be applicable for condenser temperatures greater thnaa
about 360°F, or perhaps muca lower from stabiiily wonsiderationa,
Water with a critical vaiperature of 705 °F and being very stable ¢ould

be used with condenser temperaturea of 500 ¢ to 600 °F or greater, but’
I of course the condensirg pressurea would then be high {680 ps.a at
S00°F, 1540 psia at £00°F), All the curves were drawn assumring
isentropic compression and neglecting valve pressure drops, In the
' casc of waler vapor which has a marked tendency to superheat with
isuntropic compression, the power input would decrease aomewhat if
1 the compressor were cooled, thus reducirg the outlet temperature,
Such cooling of the compresaor is caaential to prevent excessive
temperatures when high pressure ratios 2 re involved, "

In a vapor cycle cooling systemn, the major fundamental effects
are weight addition and power consumptiun and, in some casea, a
drag effect, The compressar and power source are the units which
directly contribute most of the weight of the system and are the major
power-consuming S~~aponents, The design of the evaporator and
condenser have & direct effcet on the volime and on the compression.
ratio required 2and thus affect the compressor design, Because of the
significance of the cuinpressor in the complete system, design which
reduces its weight and power is a very fruitful field for system weight
and power veduction, In particular, an increasc In the evaporator
temperature will reduce the power input and aecrecase the displacement
; and weight of the compressaor because a higher vapas pressure will
\ reduce the specific volume of the fluid at the compresasor inlet ard also
increase the pressure and, therefore, reduce the required presgure
ratio {from the evaporator to the condenser, A reduction in the condenser
temperature will result in lower compreasor discharge pressuses and
therefore also reduce the power input,
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When aircraft equipment is cooled by a vapor cycle conling system,
1 the he.at disgsipated by the equipment in absosbed in evaparating the
refrigerant, In most cases, the heat from the cquipment would likely
be transported from the equipment to the evaporator by means of &
heat transport fluid, The transport of the ncat is discussed in scction
IV of this report, In this case, the evaporator is a liquid-tu-boiting fluid

: heat excharger, lWeally, W recure @ ininimum of temperature drope,
3 the evaporator should be located at or in the equiprment, thus cooling
the cquipmacent directly, Howcever, to secure a comrpact unit, to cliininate

3 long lines for conducting the vapor frum the equipment to the compressor,

; and considering the relatively high heat transfer cocfficientis that apply
for liquida flowing ‘n tubes, the use of a heat transport fluid s usuatly
Justifyed,

Heat tronufer conlficienty that apply for evaporative heat transfer
3 for the refrigerants considered in this wtudy are assumed coasiant and
3 assipned typical vajues as givea in the literature, Reference % givea
the value of evaporative heat transfer cocfficierts for water as 500 to
1000 Bru/hr 112 °F. Reference ) gives values in the range frem 300 to
600 Btu/hr ft2 *F as typical for evaporating Freon. i,

The following factors must be considered as they affcct evaporator
desigi und tatal weigkt and power requirements of a cooling system:

1) Surface irea for evaporative heat transfer and for transier {luid
heat transfer - in gencral, a large arca will result in heavier evaporator,
higher evaporatiag teinperature and therefore lower compressor diss
placement, weight,and power requizements,

2) Tranafer Quid velocity and mass flow raté - In general, high
velocity and mass fiow rate will result in a high heat transfer covflicient,
: small temperaiure rise through evaporator, and permit higher cvaporating
- temperatures, reducing conipressur size and power but requiring greater
: transfer fluid pamping power,

3) Evaporatar deiign should be aimed toward high heal transfer
coefficients for both the boiling refrigerant und the flowing heat transport
fluid, The weight and volume should be minimized for the required heat
transfer area and rirength,
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The following evaporator dis-usiion is based on the assumption
that the cooling foad is to be extracted from a liguid which has abrorbed

“the heat dissipaied by the eguipinent, The evaporator is then x liquid

to tube wall, to boilinyg tiquid heat exchinger,

The high heat transfer coeféicicnia that apply in the evaporator
tndicate that the temperature cifference in this particular type best
vxchanger can be relatively wraall, ard also that the heat tranafer arcan
and weight of the unit can be Lept quite low, The reauired area will
vary inversely with the tamnperature difference. The optimum values
are governcd by weight cons‘derations, by the Tequired evaporsting
temperaturs, and by the power requirements, The weight associated
with the ¢vaporator is the weight of the tubea, or heat transfer surfaces,
the shell, the heat transfer Duid, and the refrigerant, For a particular
configuration, such weight ‘actors can be defired in terms of the epeeific
weights and the required heat transter area,

The power required to circulate the heat transport fluid will depend
on the flow rats, on the tube geomcliry, and on the fluid viscosity, In
addition to the power required to circulate the fluid, the evaparator
temperature will influence the vapor compression power requirement
because of the variation of the vapor specific volume and required com-
pression ratic with the evaporatiag temperature,

The evaporating lem e rature can he determined by assuming that
the heat, or cooling load, has heen absarbed by a tranafer fluid and
must be removed from the liquid at an evaporator inlet temperature
which is equal to the equipment exit temperature {Tg.), This tempera-
ture is dependent on the operating limitations of the cquipment being
cooled,

For this analysis, the heat transfer Zluid will he assumed to be
flowing inside a tube with the evaporating refrigevant an % Lutside,
Other details of the configuration need not be defined at this point, The
convective Inside and ovtside heat transfer cocfficienta, b; and hg, will
be assumed constant {cr effective average values gacd),

Assuming the {naide and outside heat transfer arcas are equal,
and neglecting the small temperature drop through the tube wall, the
heat transfer in a length dx of an evaporator tube is

dQy = »df/hoh; V(' - Ty) dx
h, ¢+ hj

2Urdth - Tyldx {60)
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The temperature of the Nuid {T ) will vary alomg the tube 12 the
i heat is disuipated, The hrat laas can also be cxpreascd in terms of
3 fluid temnperature change

_ aQy = _vg_z) 3600 Vglcp 4T
) da 4 n

w 3600 wcp 47 {61}
P _al
)

Then, from equations {63} and {b1),

d4'h a Urd dx 162)
T - Ty 3600 wep :

Integrating between inlet and outlet temperature {Tp; and T’o) and 2long
tength (),

nfipg - Tv ~-UA ‘6,)
l' i - Ty] 3600 wep

Integrating cjuationtbl} gives

Oy 3 3600 wey (Tpi ~ Tgod {64)

The term 3600 wep can be elimirated from cquation {64} by aubstituting
a value determnined fram equation (63),

Oy = UA {Tpi - Tha) {65)
QT“ - TVMiTpo - Tyl

Equation $£2] sives the evaporator hea' transfer in a form similar
to the usual convective heat tranafer equation in tera of a2 loga~ithmic
mean temperature difference,

The temperature at which the refrige rant evaporates {(Ty) is very
significant as this temperature is one of the factors that determines the
cycle temperature difference, thus affecting the pewer input and refrigerant
flow requirement, The refrigerant evaporating temperature also deter-
mines the specific volume of the vapor at the compress e inlet, These
factors determine the necessary compressor displacement, The actual
refrigerant evapourating temperatures must be optimized considering weights
of compressor, evaporator, and distribution system ard also considering
the refrigerant compressor an® the heat teansfer fluid pamp power
requirements,
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The roquired exapurating temperature {Ty} can be determinrd
as follows:
LI
.
3 From equation {65)
WfTy; - Ty\= ua (T,i - T!o’ 1173 ]
£ \T:o TN Qv
i Substituting the value of Qy from cquation (b4), taking the snti log, and
' g solving for Ty,
, 3600 wep
" fve TP - Tpo ® ten
3 - [N
i 3600
G LU0 wep
i lL-e
. The t: :nsfer {luid outlet terperature TP can Le expressed in
: terms of the inlet temperalure, the evaporator load, the tube uize,
.3 and the flow rate.
) , Ty= T~ Qv L {68)
C .7 3600 wep Y - &)
. where 2= __ UA
‘; s Joul wep
The cvaporating lemperaturs must be lower than the transfrr fluid
3 temperature but should be as high as is practical, As Ty increases,
R the vapor pressure increases; therefore, the powe¢ required o compress
R the vapor will decresne ay will the specific volume of the vapor and the
SRR required compressor displacemeat, The lower compression power
~ and weight will of course tequire grealer evaporator ~eight and greater
st transafer flaid pumning poweer, Tae design value of Ty should be
3 selected considering all of the effecta.

Catculaticns indicate that the weight of an cvagorator of the type
illustrated in figure 31 can be appraximated by an ¢mpirical equation of
the form

WyaC xQy {L9)
TEe . Ty
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M the cooling load is xpresscd in Riluwdatts, the coastant € wiil
have a value of about 10 for an cfficiently designed ¢vaporator, The
evapurator weight is then

Wy s 10 kw {10)
Tge -~ Tvw
In evaluative cateulitiona, an optirmury value of TEe ~ TV nas
determined considering the variation of compressor and poxct aupply
system weight 80 as 20 s>cure a mirhmum toral weight Uncluting &
powrr vquivalent we ght),

3, Cvndcn!u-_l_'_

The condenser of a vapor cycle coaling systern muast #issinate the
cooling 1oad plus the heat generated during compresaion of the vapor,
That heat anuyt he given off to a keat sink, mos? likely the atmosphere,
Vhe amount of heat that can be transferred througk a given area is
dependent on the area, the temperaturce difference, and the heat teansfer
coctficient, The ayea should be as small as possible to minimize weight,
The temperature diff=rence should be as small as possible 30 as o
reduce the work of cumprezsion,

At the higher altitudes cunsidered in this =tudy, the density of the

air is very low resulting in very low heat transfer cuefficients unless
the velocity of airflow is very higha

A surface-type cordenser 12 shown ia ligure 50, a rair air cooled
condenser in figure 32, and a liquid couvled condenser in figure 33, The
suriace~-type condrnser pravides a means of sccuring a reasonably high
h=at transfer coefficient even at the high altitudes hecause of the ex-
iremely high velocities that upply for heat transfer. An additional
advantage of this type of heat exchanger is that the cffective sink tampera-
ture is the recovery temperature and not the total temporature of the ajr.
This is a very significant factor at the high velocitica, This type i3 also
particularly attractive in that, being a part <f the surface of the aircraft,
there would be a relatively small increase ia drag to be charged 1o the
air side of this type of condenser,
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The major effect of a nurface condenser ar heat exchanger iu the
addittonal weight impoased on the aircraft, The surface heat exchanger
will also impose an increave in drag, The drag increase ire cauied by
the temperature change along the surface of the aircraft, The chauge
in temperature results in an increase i the lecal heat transfer coeffi.
cicnt and also in the skin friction, A flat platc with an unheatesd ared
followed by an area that {s heated will have a larger local heat transfer
coefficient than a plate heated over the entire area (reference 15), The

-local heat transfer coefficient (h*) for the plate with the unhcated area
can be expressed in terms of the local heat transfer cocfficient (h) that

would apply if the plate were unifor:nly heated {for lariinar flow)

\XR})

In equation (71), %4 is the distance from the leading edge to the
heated area and x is the distance from the leading e¢dge to a point in the
heated area, Because of heat conduction considerations, the temperature
increase is not a step change, and the iafinite increase in heat tranafee
couvfficient indicated by equation (T1) when x ® xo is of course not valid,
The determination of the drag caused by a'sutrface heat exchanger would .
require an expresaion indicating the <hange in skin friction and also
rather detailed assumptions and calculation of the skin friction and drag
for the case without a temnpesrature variaticn, Such a drag analysis has
not beea made in the present study, Neglecting the increase in the
heat transfer coefficient is a conservative assumption which will tend
to offset {from an evaluation standpoint) the incrcase in drag which has
not been analyzed in this study, The heat transfuvr surface should be
located in a region of turbulent flow 8o that the temperature change wiil
not cause transition at a point that would normally be in laminar flow,

Assuming the surface is in a region of fully developed turbulent
flow, neglecting the increase in heat transfer cocfficient and in skin
friction will not introeduce a serious error,

At the lower flight speeds, the heat transfer cocfficient decreases;
however, the recovery temperature will also decrease so the temperature
diffcrence increascs, The greater temuerature difference will more than
offsct the heat transfrr coefflicient decrease, The dissipation of a given
amourt of heat will therefore be most critical at the maximum velocity
that applies for the specified (light limits,
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With the athwwve assumptionu, the external neat transfer cocfficients
that apply for wurious altitudes are plotted versus velocity in figure 4,
Curves of conmuunt recovery temperature are plotted on the altitudes
Mach number atin in fipure S,

The heat triunsfer coecfficients assocrated with condensation of
vapors are usuadlly very high, Consequently, the temperature drop
and the area ruquired to transfer the heat from the vapor to the atmos-
phere will be pwiimarily determined by the air side heat transfer
cocfficients, ‘e area that is required to transfer a given amoaunt
of heat can be diutermined assuming that the part ¢f the surface with
a dircct conductitrve path from the tube s at a constant temperature and
neplecting any Hweat transfer to the inkide, which would likely hie an
ingulated surfacie, The effect ¢t tube spacing and other characteristics
can be determined from such considerations,

The heat caumducted alang the surface Letween the tubes {figure 30} is

Q:= -« kb (dT/dx) {72)
The change in (Viin a distance dx is cqual to the convective heat tranafer

dQ = h 2 (T - T;)dx (73)
or (Q/dx) = h (T - T,) (74)
Dirferentiating vrquation (72) with respect to x,

(MQ/6.) = - kb (42T /dx2) 175

Subtracting equattion (74) from cquation {75)

(2T Jax2) + (h/k b) (T = Te) = 0 (76)
The solution of thiis differential equation is
x x
'rs'r,+c|ﬁ +C; e VK (77)

where Cy and Cyure constants of integration,
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Determining the constant from the cunwditions that at xw 3, T = Ty
and at x 3 u/2, dT/dx = 0 and simplitfying

T = Ty + cosh [,/F?Eh Hut2 « x)] \Tw - T (28)
: cosh [ﬂﬂkh. zs/?.]

Equation {78) defines the temperatume .t a distance x from the tubes,
The heat tranuferred through the arwu between the tubes in

. Bl
Q= 2h! (Tw - T,) cosh [,/W. )(nll-x)]dx (29)
cosh L/h]k‘: w/ g
Integ rating equaiion (M
Q2 2hf ({Tw - Ty) LRL/M tanh (SRTKG «/2) (80)

A check of equation (80) indicatea thatt ‘the tube spacing, s, should he
selected depending on the surface he:int transfer coefficient, the conductivity
of the material, and the thickness, For example, if s is such that
Jh/kbs/2 = 1,5, the value of the quanity (tanhiy/h/¥bs/2) is apprexis-
nately 0.9, indicating that 90% as m uch heat will be transferred in the
area berween the tebes as could be vmunsferred with “infinite" apicing

so that any increave in spacing wouldi have a very small effect on the heat
transferred by a piven tube length, IIn those cases where tube length is

a significant factor, this value wouldi:e an imnpartant criteria, In most
cases, the total arca is more iinportiunt than tube length, A very signi-
ficant factor is thea the value of tanhil,/h/khs/2) I(MSIZ) which Is the
ratio of the heat transferred by the fiin portion, i{,e,, the portion between
the tubes, to that which would e tramuferred if the fin area were at the
constant temperature (Tw), This fim .«ffectiveness factor is plotted
versus tube spacing for a broad rang.« of valucs of h/kh in figure 34,

The fin effectiveness is a measure o the efficiency of the utilization for
heat transfer of the area hetween tha tubes,

The total heat which can be ditsuipated is the sum of the heat
transferred by convection from the s.urface (the fin portion as given Ly
equation (80) and the surface in a dirmnct path from the tube) ard the heat
transferred by radiation

Q = htsq + 2fkb tanh /1‘_ s (Dw - T v Usq+s) FeFa(Ta-T,.%) (81)
Jh kb 2
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i . The effect ol\frnlkb and 2/2 i» Mlustrated by figure 34, The

; curves show that the surfice between the tubes is mont effective in
those cases where the value of Jh/KbL is relatively small, If the tube
spacing {u) ia chosen 10 secure a given cffectiveness, the heat transfer
f1wn the portion between the tubes is propartional to h/Kb/h or Jhkb,
The actual tabe spacing should be sclected considering the relalive
significance of fotal area and of tube fength, For a given fin effective~
ness and for a given percentage of maxiinum heat transfer per unit tube
length, the tube apaciag will vary direcily with /hBlkh,

The arca that is required for a surface condenser is dependent
on the following faclers:

i) Reguired heat dissipation
3 2} External heat transfer coclficient

3} Diffcrence brotween the surface temperature and the recovery
temperature

R The condanscr must transicr {to the air) the heat produced by
compression of the vapor and by campre ssor and mnoltor losses in
addition o the cooling load. The toral heat that must be transferred
by the condenser is them

Qg = Qy (l + .P_!._..) (82)
"

The extcrnal heat transfer « cefficient is primarily a function of
the altitude and the flight velodity, Values of the heat transfer cocfficient
that are applicable i= *his study are plotted in figures 4 and S,

The temperature of the condense r surfuce depends on the position
celative to the condensing refrigerant, It ig assumed the tempe rature
drup through the wall is smal? so that 2 point directly through the tube
wali from the cordvnaing refrigeraal is at a temperature Tk, [he space
between tubes is esseatially a fin area and is treated, as indicated i the
snalysis above, in terma of a fin efficicncy (9),
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The required su-face area for a ghen heat condenser load Qe
tan be expressed in tezme of the heat load {Qk), the overall hoeat tranufer
coerfficient (U}, the direct heat flow path {ag), the tube spacing {s), and
[azssuming a constan? condensing Wwemperature the difference beiween
the condensing temperatare (Tg) and the rvcovery temperature (T,
The atea is
Ay » Qg 1sg + s} {83y

Ulsg ¢ gud Tk - T

The weight i3 egual to the arva times the weisht per unit area,
then, using a factor (Fs) lor the offect of fin efficicncy on arcas and the
ratia of the outside to the owrall heat transfer cocfficient,

Fg = h,(sq ¢ 8} (54}
Ulsg t 7

A factor which is cuite near unity for nearly all cases
1€ Fget. L

The weight of the surface heat exchanger is then

We e F Q (85)
S S EPL
ho‘TK"‘_‘:E,

D. Results ofVYapor Cycle Cooling System Analysis

Vapor cycle cooling systems of the type shown in figure 8 have
beer analyzed {oc the varire altttude -Mach numter range of interest in
this sludy, Vupor cycle systems in combination with expendable coolant
uystems have also heen analyzed, Such systerns ar. discussed in section VI
of this report, Varistions of the basic vapoer cycle system as illustrated
in figures 9, 3%, and 3t have been analyzcd for certain conditions to
determine the relative effect uf the variations, Such variations are dis.
cussed {ollowing the gencral resulrs,

The svstemsa have been evaluated in terems of a total equivalent
weipht as definea in section IV of this repory,
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The assumed operating conditions include the sltstude a3.0d Mach
number range of figure 1 and equipn:eot exit termperatures of 160°F
and 275°F, The equipment cooling load is assumed to Le 10 k&, The
resulls asc vonsidered typical for unita somewhat amaller as well as
for units several times a3 large, The larger units would permit a slight
weight reduction i a per kilowatt basis,

The most significant fundarmental effecta of vapor cycle ccoling
sysiema are the weight addition and the power raquirement, Systems
utilizing 2 condenscr cooled by ram air would irnpose a significant drag,
For systemns en:ploying a surface condenser or a heal exchanger, the
small increase in drag will be neglected as discussed in section ¥ of
this report,

The faciors that vary between diffe rent velocities and altitudes are
the weights of the compressor, evaporator, and condenser and the pouwee
input to the compressor. The weights and power associa®ed with the

_heat transport fluid and with the absorption of the keat at the eguipireat

is casentially independent of the cooling system for the types of systemas
under consideration, Any variations would be caused by differizg sig-
nificance bLeing asrigned to various factors inthe ¢, timization procedure;
hawever, becausc of the basic similarity of various systems, a heat
transgport systam thal is optimized for one system will be very near the
optimum for uther vapor cycle systems, Gomnsryuently, the weight of

the heat transport sysiem is not included in the curves defining the
effects of aititude and velocity and illustrating the differences and the
range of applicability of Freon-1) and water systems, The figaces

are drawn assuming ar optimized Leat transport system in so far as it
will affect the evaparator tempe rature and s eizht, the compresscr and
prwer supply svstern weizht, and the nower imney, The 2312 (gl elent
weights as given include the weights of the compressor, the power supply
system, the evaporator, the condenser, ard a factor of one {or two) as
an equivalent weight factor ‘ur the total porer required, An additional
factor of one times the power rcquirement is iaclided to account for the
cornections, lines, and the expansion valve, The weight of such items
depends on size and strength requirements which in turn ate determineu
by the pressure considerations and volume flow requirements, These
latter factors are related to the powsz requirermenty The weight of the
hrat transport system i3 considerced equal for the Aiflereat systems of this
type, The weizltt of the transport system, dependent on the distribution
of equipment, can be determined by =ofc rence to sectoen IV, For a 10 ’w
cooltng load and assuming an cverage vr cffective distance of 1vrniy feet,
an equivalent aeight of ten pounds may he considered typicala
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Equivalent weight is plotted versus flight Mach number for various
altitude s and equipment exii temperatures in figures 37 to 40, Curves
are drawsa using power transiation factors £, .o ol one and two as dis-
cussed in section LI, The etfect of other tramlation facters can ba
readily determined by noting the effect as indicated by the tigures,

The difference in the Mach number as glven on the abscissa scale foy
Freon-11 and water should be noted, Alao it should be ramembered
that the curves for Freon-11 do not reflect any fluid instability which
may preclude use ai the higher Mach nunibera, The figuresr indicate
that for similar conditions below Mach 2, the tolal cquivaleat weights
of Freon-11 and water systems are quite comparable; as the veloaity
irercaies above Mach 2, the tota! cquivalent weight of the Freon-1
system incieases much mare rapidly than Jdaes the weight of the water
system, The maximum practical operating hmit for Freon-1t ix abowt *
Mach 2,3 at the higher cquipment temperatures and under 2,2 {or the
lowe r equipment tempetatures, Systems uding wates as the refrigerant
will operate with reasonable total equivalent weights, counsidering the
temperature leve! 10 which the heat must be raised, for the entire
altitude-Mach number range being considered in this study, This is
primarily 2 result of the high critical temperatuze of water {105 °F)

and of the high latent heat of water which is several times as lavge a»
for Freon-ll,

The elfect of altitude on the total equivalent weight is illustrated
by figures 41 to 44 for Freon-1) and {or water, The minitnum aseight
at 40,000 feet altitede iz a veflection of the lower recovery temperature
at that altitude and of the relatively high heat transfer covilficieat that
applies. Thr limits in the altitude -Mach number envelope for which
aystems of various total equivalent weights will provide ccoliag at the
anecified eaninment exit teraneratires arve shuwn in fieurca 45 and 4b
for Frean-11 and in figures 47 and 48 for water, The aystems have been
optimized {or a surface heat transfor cocfiicient {hg = 20), These curves
indicate that a system of a piven weight will be capal.le of cooling cquip~
ment, maintaining the specificed exil temperature, {or any f1ight condition
within the specified envelope, to the left of the respective curve, Opti-
mization at hg = 29 {altitude approximalely 55,930 feet) implies that
cperation al other conditions is somewhat off design, That te, for high
altitudes “or which the external heat transfer cocfficieal is lower, a
sormewhat larger surface area would resuit in less votal cquivalent weight,
In the assumued confignration, the drop in heal transfer cocflicient ravst
of course be compensated for by an increate in temperature dilference

(Tg d TK’-
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3 The effect of optimizing at various svrface heat transfer cocfficients

3 {essentially at Sifferent altituler) is iniicated by the curves of figure 19,

3 All curves are for cqual total « quivelent weight, Each curve s for a

som- what different system design in so far 33 condenser area and tempera-

3 ture differience 13 concerned, The weight line at the right {daghed Dine)

3 represents the masimum velocity for which a system of the given total
equivalent weight can cool the cquipment when Aeaipned {or optimum
operation at cach altitude, The system, therefore, involies no uvff-desiyn

operation Lhut does nat represent a single system design,

Yapor cycle systems are patticualarly attractive as unlimited -duration
couling systerns for cquipment in which the heat can e readily transicered
to a cold plate cither by conduction, vaporization, or convection, The
systerms do aot lend themaelver readily 1o the concept of individualized
equipment cooling.

E. Effvct of Variations from the Assumed Configuration

The gencral aralyais of vapor cycle systems ‘was made assuming a

high speed hightweight positive displacement rotary comui=usor of the type

iYlustrated in figure 50 {(assuming compressor weight as gziven by equation 54),

E However, the results are quite represeniative even for somewhat heavier

] but well designed reciprocating comipressors itlustrated schematically in

Jigure 51 {assuming the compressor weight is given by equation 53), This

anomaly is caused by the fact that the reciprocating compressars are

usually somewhat more efficienl than the rotary typr, as is pointed out

in the discussion of compressors in section V-C of this report, A niore

; clficient compressor results in a lower povwer requirement and in less heat

: having to be diszipated hy the condenscer. The weighte af waviong component
and the horscpowcer inpul times a factzr ol three, for & 10 kw cooling load
and an equipraert exit temperature of 212°F are shown in figure 52 assuming

k a positive displacement rotary compressor with a total eificiency of 65%

j and in fipur2 93 assuming a vell-designed reciprocating compressor with

i a ttal efficiency of 80%,

-

A modification of the basic vapor cycle cooling system iy illustrated

3 in figure 35, This system utilizes an intermediate liquic-cooled cundenser,
- A surface heatl exchanger is used to remove the heat from the condenser

2 cooling liquid, The system was conceived to climinate the necd for a high

3 pressure surface condeaser and the long high pressure lines to the surface
3 condenser, Al the higher temperatures, the vapor pressure of water is
quite high (680 psi at 500°F}, With this molili-ation of the basic vagor

cycle cooling system, the condenser would be a compact liquid cooled nit
located very near the compressor, thus ciiminating the need for long high

ot
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pressure tines, The liguid used to transport the heat to the surface
, 3 Ruat exchanger would he one with a very low vapor preasure at the
L hink:, temperatures, such as Dowltherm A which hias a vapor pressure
of abant 16 pxia at S00°F, This modification of the Lasic vapor cycle
3 cooling system entails an additional heat excrarger which iniposes an
additional weight and alsc a temperature drop, The tempe rature drop
in the condrnser liquid Leat exchanger can be kept small because of
the high heat transfer corfficicnts that appiy, For the same reason,
the size and weight of the unit are relalively small, The unit for a

R typical system would wrigh on the order of ten povnds, A part of this
3 wripght could be saved through the use of a lighter surface heat exchanger
3 which 1s made possible by the lower pressures, The overall system

total vquivalent weight would therefore increase by 5% or less, This
malification is considered practical for the higher teniperatare witer
vapor cycle applications,

A vapor cycle cooling system similar io the type assumed in the

genceral study {(higure 8) but with a ram air cooled condenset instead of

B -f the surface condenser is illustrated in figure 9, Thiu cooling system
-3 is very similar to the other systems in vo far as the hicat absorption,
b compression, expansion, ard controls are concerned, The basic
differences in the cordenser result in Romewhat different characteristics
that reyguire an analysis to determine the differcnce in the eficcty, The
major diffcrences are:

1} The system requires ram air for condenser cooling, This
requircment 2ntails the usc of air from the engine nlct or a separate
inlet diffuser to take the ram air on board, ducts to convey the air to
and {rom the condenser, and an cxhaust noszcle for thrust recovery,

. ! 2} Thu aystem transfers heat to air taken on board the aircraft
which is initially at the total ram temperature. The air temperature
incrcases as the heat {rom the condenser is 2hanrbind, Thes condensing
4 : ternperature must he above the {inal air temperature,

: J) The system will impaose a significant motnentum drag due to
. : taking ram air on board the aircrait,

The use of ram air for cooling and the drag effccts incurred by the
use of ram air are analyzed in section VI of this ceport, Only the
directly applicable equations will be’prescnted here, The amount of air

E that must be taken on board to conl the condenser is dependent on the
couling load, the power input, the compressor and motor efficiencies,
. the condensar effectivencss, and the condenser ram total temperature,
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The ram atrflow can be expressed by the equation

wa® ), 95 kw + I {84}
K {Th - T1) c > 'M)

The net momenturn drag that will be jinposed on the aircraft is the
drag associated with takis, the 2ir on baard minus ihe thrust recovered
when the air is ¢xhausted, That drag is givea by the equation

Dmom = wy (3‘-7'\/9: M- ylh‘m, (87)

For supercritical flow

Pa €0.528, Fyn e 54.4/00. 1 (I - Pa .
Pne { Pre

For suberitical flow

/e
0,286
Pa 20.528, Fyy» va.a.ja_“: Ll -(p;)

Pne Pne

With a vapor cycle system, there is no blower or compressor in the
ram air ducts and consequently the amount of thrust that can be recovered
is limited by the inlet prossure ratio, The pressure drops through the
condenscr and ducts reduce the available nozzle presaure ratie, The duct
inlet pressure ratios versus Mach number are plotted in figure 64
assuming a supersonic diffuser with 85% recovery, The weights of the
ram air cooled condenser can he determine? by reference to figure 63
in which weights of boiler heat exchangers are given in terms of pressure
drop, effectivenesy, and airflow rates, The weights of a rain cooled
condenssy would be comparable provided that the condensing pressurcs
are not exceosive,

The momentum drog and condenser weight will decrease as the ram
air flow decreancs; however, the condensing temperature must then be
incrcascd to disnipate the heat which in turn eesults in increased power
input and a higher equivalent weight for the balance of the system, There-
fore, a compromise must be reached to obtain an optimum cooling system,
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The use of & ram alr cooled condenser resulta in a syvtem with 2
lower maxinmium aperating limit in so far as Mach number {3 concerned
ard a considerably greater total equivalent weight for equivalent flight
conaltions. The increase in total equivalent weight for a cooling system
with a ram ai* condenser an compared 1o one with surface condenscr io
typically from 2% to 30% depending on the operating conditions, The
increane {s primacily a result of {1} the increace in the power input due
1o the lncreased codenser temperature, {2} the momentum drag of ram
alr, and {3) the weig'ita of air ducts,

The advantage of this type of system is that it docs not require tha
rather large alrerafi surfaces which must be available for the surface
cendenner, It should further be pointed out that in the event that a
surface cundenser cavsed premature transition to turbulence, a aigai-
ficant drag vould he Lnpored Ly the surface condenscr which has not
been included in the preszent atudy,

A caacaded vapor cycle cooling system is illustrated in figure 36,
This seystem ig different fromn the basic system being considered in thar
the heat is pumped to the final sink temperature in twa ateps, The
sya’em actaully involves two complete vapor cooling cycles with the
evaporator of the high 'smpezature stage serving as the heat sink for
the low tempevature stage, In the illustration, a zimpgle vapor compressor
is indicated with the low pressure stage being used for the low tempega-
ture cycle and the second compressor stage heing uased for the high
temperatura cycle, In this version, the same refrigerant would be used
in the entire systern, The concept could also be used with separate
compressors and different refrigevants,

This type of cocling dystem involies a temperature drop {relatively
small becausc of the high hear tranafer coefficeints) in the interitage
condenser-evaporator unit, Because of this teviperature drop, the system,
should not be considered unless the overzll temperature diffcrence is quite
large {abou! 100'F or more). The systern doca involve counsiderable
additivnal mechanical complexity und is ther:fore considered practical
only for applications that involve high power inputs., Thu total power input
for a cascade cycle is

PIp = Pl + Pl (1 + PI}) 188)
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The condenscr ternperature of the first stage must be abuve the
eraporator temperature of the sccond stage, A definite advantage v
trrms of the puwer input will be sccured fur ¢vcles aning sein,erants
that are scnsitive to the difference between the ~vaporator aud the
vondenser temperature, Thus the Freon<ll aystems can he sigmifi-
cantly improved by means of a cascade cycle, while the watler vapor
cycle aystems will show only a slight iruprovement, Buasically any
vapor cooling cycle operating between temperaturex for which the
posucr input is reasonably near the Carnot value will show Yitthe improve-
ment, Luprovement in the cycle power input is lumited ta 2 red action
in the deviation from the Carnot cycle power input, The Curnot puwner
input is

(Plic,crm ® IK* oy, {89) .
+
v

A Freon-l cooling nystem =itk an evaporator tesnperature of 150°F
and a condensze temperature of 350°F would require a power input of
G,87 {or a simple eycle. A cascade cycle with the first stage warking
frum 150° to 200 °F and the second stage from 240° to 350°F wculd have
a power input of 0,59, a power saving of about 30%, It i3 interesting to
note that a simple water cycle for the same conditions {150° to 350°F)
would have a power inpnt of 0,44 or avout 207 less than the cascaded
Freon-1l cycle and 47% less than the simple Freon-11 cycle, Th> water
cooling cycle cascaded n the same maniier as the Freon-11 cycle would
bave a power input of 0,44, a power saving of only about 4% as com-
pared with the simple water ¢cycle, The above cxamples bear ouat the
previoun observalion that the cascade cycle can only Lring tae power
input nearer the Carnot value which in this case is 0,328,

The absorption vaper cycle is a variation of the basiv wapsr ¢oeling
¢ycle quite different in operation from the compressor vapor cycle, An
absarption vapor cycle cooling systermn » shown schematically in figure 55,
Actual design wauld involve special problems, such as securing o stable
un:t and one that would operate satisfactorily in an aircraft application,
The absorption vapor ¢ycle kas not been aralyzed in devail in thas study,
L. this cycle, the fluid in th~ vapor state after vvaporation is <xssolved by
a solute at the evaporation pressure, The solution, rich in refrigerant
{in the liquid state), is then pumped to a generator at the condozcay
pressure, The refrigerant is chanyed in state aad driven out of solution
by the addition of heat and eaters the condernser in the vapor state. The
sotule 19 returned to the absorber after the refrigerant is Jriver off,

The aLsorption cycle thus differs featn the compression cycle by the
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suhstitution of :a absorber and generator for the campressor and by
the une of encrgy in the form of hieat instcad of mechanical work, The
cycle aloo diflers in that there are additional changes of state {rom
vapor to liquid ia the absorber and from liquid to vapor in the gene ratar,
Means must be furnished to pump the liquid from the low {evaporator)
presaure to the high (condencer) pressurc in the absorption cycle, The
heat cnergy for the absorption cycle rmust be available at a higher teme.
: perature than the operating condenser temperature, The fact that tha
vapor undergocrs a change of state when going into solation indicates
] that the heat of vaporization must he added in the generator; consequently,
the cooling effect cunnot be greater than the ¢nergy inpul evern for the
ideal case, The Pl will be yreater than one, As puinted out is the pres
vious discussion, the compression cycle, beine & true pumping system,
duea not have this limitatien, The Pl {or many cascs ie much less than
R one. An inherent advantage of the ahsorption cycle is the elimination
) of the relatively large displacement compressor, The absorptiun cycle
v may have an additional advantage if the necessary heatl energy is more
readily available or involves less adverse performance effects than
would the amaller amount of mechanical energy necessary o operate
a compreasiun cycle, The practicality of an abaorption cooling system
woild depend on the finding of a refrigerant and a solute with the necesaary
properties, In addition to the refrigerant properties as discussed in a
: previous section of this report, the refr gerant and solute must have
Certain special properties, Soluhilily and vapor pressure characteristica
: at the applicable temperatures would be a prime consideration, Among
the possihilities would be waler as the refrigerant with a Yring solutioa
" 3§ +s the solute, The weight of such a systemn would have to bie carefully
3 determined as this would likely be a major factor, This type of aystem
is m¢ntioned as a possibility but has not been {urther analyzed in this study,

F. Conclusions Nith Regard to Vapor Cycle Cooling Systems

. Picon-1! Cuuling Systems

The following conclusions can be drawn from the analysis of vapor
vycle cooling svstems nsing Freoan-11l,

1) The svsterrs using Freon-11 as the refrigerant are limited ta
flight at a Mach nember of about 2, ¢ and 2,0, for equinment exit temmpera-
tures of 275* ard 1e0"F respectively, when a surface type condenser 13
used, The nse of a ran air cooled condenser would result in a limiting
Mack number of approximately 2,0 and 1,8 for the high and low vquipment
temperatures,

WADC TR 56-353 929




2} The toral cquivalent weizhta are a minimun. for flight at an
altitude ¢f 40,000 feet increasing roughly fifty pounds for flight at
equal Mach number and 70,000 feet, This is primavily duc to the
deciease {n the heat transfer coefficient, The increane in the total
equivalent weight at the lower altitudes, while much greater due to
the higher temperaturcs, is probably not as significant since it ie
reasonable to assume that actual flight velocitics would be at lowee
Mach numbers at the tower altitudes, , y

3} The total equivalent weight is a little more than twice as large
for rquipment exit temperaturcs of 160°F aa it is for an equipmer?
€xit temperature of 275°F,

4) The taial eguivalent weipght can be reduced somewhat (A rather
significant amount for the mor: severe cunditions) by use of a cascaded
cycle [ses figure 36); however, greater complexity is tivolved in this
type of ay:utem, :

5) Vapor cycle systems are not considercd suitable for individualized
cooling applications, The type uf heal trunaport recquired, ciscussed in

sertion IV, imposes a relatively minor equivalent weight,

2, Water Vapor Cycle Cooling Systems

The application of water as the refrige.rant will result ix »umerous
advantages over the more standard refrigerantsy amoung the major
advantages are

1) Systems using water as a reflrigerant.can operate over the entire
Mach numbevr-altitude envelope considered in this study, Systems would
be designed for cperating up to Mach number in the range of 2.8 ta 3,0,

2} The total equivalent weight of water cycle systems ia considerably
less than for Freon systems {ar Mach numbers above 1.8, The system
cquivalent weight increas~s with velocity but at a much lower rate than
doecs the Freon-11 system,

3) The total equivalent weight is somewhat leas dependent on altitule
and on cquipment exit temperature than is the Yreon system,
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1) The watep cycle systesa is relatively o fficient as o heal pomp
fur the entire range of conditions connidered, i, e, , the power input,
while duverging avmewhat from the Carnot value {(see figure ) follows
3 unifarm trend and is at a very reasonable level throughout the tem.
prrature range that is of intezest in thia study, In fact, witer is the
unly fluid noted that posseases such charactesistics,

1t should be notud that the use of water does entaii several problems
that require attention hefare working systems can be bailt, It ig believed
that the problema are of A nature that would yicld to a maderate praclical
enpineering cffort, Among the factors requaring specific attention are
the followinyg:

t} Design of a xystem that is immune to frecze damage and is
seli-thawinp,

3 2) Desgn of o compressor suitalle for cumaression of water vapor,

3) Desigr of a temperature control system.

3} Design of a pressure control system,

Given the necessary enginecering effort for develupment along the
tines outlined above, the water vapor cycle vooling system could well
Lecome one uf the betler equipment cooiing systems for long range,
kigh speed aivcraft,
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SECTHOR V)

AR CYCLE CCOLING SYSTEMS

A. Basic Considerations

Because of the widespread current application of air cycle
principles to cuoland and air conditioning systemns for aircraft and
the probability that air cooling concepts will voatinue to be used in
many further aircraft, carcful attention has bevn directed toward
a realistic analysis and evaluation of air cycle equipment cooling
systems, The air cycle system s particularly attiactive for aire
craft eqnipped with turbojet engines since high pressure air bled
from the engine compressor is a convenicent svurce ol air for the
cycle, It is important to nute ia this re gard that many new engines
are being designed for operation with ap to 7% compressor bleed,
principally fur cabin conditioning and pressurization, All air cycle
systems utilizing compressor blced air function essentially as
follows: The bleed air i3 f1rst pre-coaled in one tor more) heat
exhanger{s) and then further cooled by passage through an exgansion
turbine, after which it is employed rither direc'ly or indirectly for
coouling of cquipment atoard the aircraft, Differences among the
various types of air cycle aystems result from difcrent arranges
ments of heat exchangers and turbine, together with other systern
elements such a3 compressors {or blowers), etc, Specific systems
which are being considered in this study are dcscribed and discussed
in subsegquent sections,

The altitude-Mach number range specified for the cooling system
study 1a shiown in figure 1, Curves of constant ram air temperature
are shown in figure 3, The ram air temperature is one of the funda-~
mental independent variables of the air cycle system analysis since
it represents the temperatuce luvel of the most readily available
thermal sink for removal of hical fram the cagine bleed air, Another
fundamental system variable is the allowable cquipmen’ cxit tempera-
ture {Tge) which for this stuay wius specificd in the range from 160*
10 275°F, The major aim of the present study of air cycle coaling
systems is to sclect and analyze in detail some of the typicad! »iv ~yele
cooling aystermns, for the specified range of conditions, in order to
determine the relative merit of these selected systems and to compare
them with other types of cooling systems, Evaluation criteria for the
comparison of couling systerns are discussed in section HE of this repoet,
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B, Components of Air Lycle Cooling Systema

Afr eycle cooling systems, in general, include the following basic
components

1} Heat exchangers are usced to transfcr heat from one fluid te
another, normally air to air but for some appiications air 1o liquid heax
exchangers are needed, .

2) Air turbines are used to reduce the temperature of the air by
extracling mechanical energy,

3) A blower or a compressor is used to provide a load on the air
turbine ard to build up air pressure, The increase ia available encrgy
can be utilized be erhausting the air through a nozzlc thus providing a
thrust recovery,

4} Air ducts are needed to conduct the air to and from the caoling
system, In addition to the above basic components, certain controls

and pressure or flow regulating units arc required to complete the system,

1, Heat Exchangers for Air Cycle Systems

Av uged in air cycle cooling systems, the heat exchanger is called
upon tc cool a quantity of het air ta a temperature apprcaching that of
an available thermal sink, Since a large part of the cooling in an air
cycle system occurs in the heat cxchangers, it is usually desirable to
employ exchangers with high effectivencsa, However, this desirable
characteristic can be oktlained only at the expense of increased size and
weipght of the exchanger or by increased coolant flow, Thus, the selaction
of a het exchanger for a1 air cycle system invalves a compromise between
the preater cooling achicved with high cffectlivences and the increased
sive ard weight of the exvhanger ur by wrcreased coolart flow, Thus, the
s~lection of a heat exchanger far an air cycle system involves a compros
mise between the preater cooling achieved with high effectiveness and
the increased weight and momentwn drag which this cntails, Thas
problem is discussed in the {ollowing pages,

The analysis of heat exchanger requirements can be most convenmently
carried oyt in two distinct steps as tollows: first, dete rmination of the
required heat transfer canductance four specified values of cifectiveness
vy, and flow ratio wa/w;, «nd, wecond, analysis of core characteristics to
determine the size, weipht, and pressure losses for an exchanger having
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the required cooling ¢ifectivenese, An analysis of the characteriatics
of specific heat exchangers {s presented in appendin ¥,

The litcralture contains a good deal of information relating to heat
exchanger effectivencss to the conductance {UA), pranary flow rate
{'~1}, coolant {low rate {w:), and the geometrical arrangement of the
exchanger, Theoretizally, the counterfiow arrangrment {see figure 56a)
affords the highest pusstble effectivencas for given values of UA, w} and
w2, Unfortunately, advantages of this arrangemcitl cannot be rcalized
in practice because of the difficulty of header design, The creas-flow
arrangement shown in figure 56b eliminates the headering problema
. associated with the counterflow exchanger but has a lower cffectiveness,
3 other things Seing equal, The heat transfer charactersitics of the crosa-
fiow heat vxchanger were first determined by Nusselt (reference 16),
Nusseclt's work wis based un the following assumptions:

Gy T i) e

W

1) The overall unit conductance (UA) between fluid streams is
conatant over the heat transfer surface,

2) No mixing occurs in the individual fluid streams; at a tocal point,
; heat traazfer to . fluid element of one stream occury only by direct heat
4 transafer from th: other stream.

5 3) The respective fluid Now rates ber unit passage area are constant
over the heat transfer surface,

Nusselt's cross-flow formulae are given in reference 14 in an impraved
form meoere satis’actory for calculation, together with plotted rcuults for
use in engineerirg calculations, Cross-flow heat exchangers of higher
2ffectivenese car be obtained by resarting to multi-pass arrangements

e v as shown in figure 56c. Although no mathematically exact results based

4 upon the assumptions of Nussclt's work have bseen reported for the multi-
pass crosa-flow axchanger, simplified methods of analysis can he used

in most cases. One such method, based on the Nusselt croas-flow factor,
is to apply the cross-flow results to successive passcs, assuming complcte
mixing of the cooled and coolant fiuid between passes, The fluid being
cooled, which mal2s several passes thrcugh the exchanger, can be
considered to mix thoroughly in the turning headers between passes; how-
ever, these is no physical basis for the assumption that the cooland mixes
between passes, An analysis based on sormnewhat different assumptiung

was carried vut during the present study, tere it was assumed that the
fluid bring cooled is maxed as it flows through ths exchanger; no mixing
being assumed for the coclant fluid, This asswnption was based oa the
obscrvation that the length of a single pasd inwually several times its wideh,

3

WADC TR 56-35) 104

AT E ) S -
SRS e i by S R N SR

i a5 Xl



e

aygm e M e 3

- L Lot P g e e
il it i ik B I 5 antimisi A b N

a. Counterflow Exchanger

€. Multi-Pass Counter-Crossflow Heat Exchanger

Mor—
FIGURE %6  TYPICAL HEAT LXCHANGER ARRANGEMENTS
3 WADC TR 36-153 108




Typical resulty of calculations using these various methads of analysia
are shown in figure S7 for ¢}, 2 0,8 and 0,9, The rpaid increase in
required conductance {UA) with increaring effectivencess and decreading
flow rativ w,/w, is apparent regardleds of the method of analysis
employed, Comparison of the multi-pass reuults for ep 2 0.8 indicates
that both methods of calculation agree quite closcly for W, /wy sreater
than 1.5, but that consideratle difference cxists for small values of
flow ratio with the analysis base¢ on Nussclt's cross-flow factor leading
to lowes requircd conductance factors as would te expuected, In inter-
preting these resalts, it is important to bear in mind the assumptions
made in each casc and the degree Lo which they are satisfied in an actual
heat exihanger, It is known, for example, that A region of lorered
conductance exists in the corc far a short distance before the entering
flow becomes fally turbulent, This is particularly true of heat exchangers
having tubuiar cores {reference 17), Thus the ~unductance fer the final
pass is Yowered {since the coolant enters at this point) and the effective-
ness would also he reduced, Furthermore, the local overall conductance
is dependent 0 a significant degree upon the mean temperature of the
two fluid fiows and censequently varies over the heat transfer surface
{althcughk the variation would probably not exceed 5-10%), The extent to
which heat is transferred laterially through each fluid stream either by
actual mixing of the turbulent streams (which would occur in flow over
the tubes in a tube bundle core) or by metallic cunduction {which would
occur in a plate and fin cure) would also exert a considerable influence
upun the heat cxchanger effectiveness. It is clear that all these cffects
tend 0 reduce the exchanger effectivencss, These considerations are
especially significant in the case of unity fiow ratio{ w,/wy 2 1,0} for
which the effects of imperfect flow conditions are greatly magnified, For
this reasonm, it is believed that the calculated results for mixed flow of
the iluid beirg cooled arc probably more satisfactory than the more
idealized analysis based on Nusselt cross-{low {actors, By using the
theoretical results for double and triple pass exchangers with mixed
conditi:ms Ior the fluid being cooled, conductance factors were computed
for wo/wy = 1,0, Thesc results, which are used in the analysis of the
regenezalive systemy, are plotled in figure 58,

In general, the heat exchange= design conditions which may be
regarcded as independent variables are:

1) Heat exchanger effectiveness ey
2) Respective flow rates of cooled and coolant fluids, Wp, and wy

3) The allowable pressure losses in the excharger
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Fur a given type of core, the above conditiuns will determine the
weipght and gize of the heat exchanger,

For applications involving maoderate temperaturces (under 400 °F),
aluminum heat exchangee cores are superior to stainless steel from
the standpoint of weighty, Becaune of the high bleed air temperatures,
an aluminum pre-cooler in not applicable for the conditions of this
study, Uawever, an aluminum heat exchanger is applicable for use in
the regencrative cyele such as deseribed in section VEE, The initial
cooling of the Llred air Leing obtained by means of a stainless steel
ram air heat exchanger or pre-cooler, subsequent regéencrative cooling
is at a temperature for which an alurninum core is suitable,

“Vhe ~haracteristics and weights of air to air, liquid to air and
boiling liquid type heat exchangers have Leen determined by the methods
outlined in 2ppendix L These vnits are illusteated in figures 59, 33,
and 60, respectively, The weights of ram air aluminum and stainless
steel heat exchanpers divided by the airfiow rate is plotted versus a
pressure drop parameter for effectivencss varying from 0.50 to 0,53
in figure 61, The weight factor versus the pressure drop parameter
for an aluminum regenerative heat exchanger is plotted in figure 62,
The weight of hoiler heat exchanges divided by the airflow rate is plotted
versus a pressure drop parameter in figure b3,

2, Expansion Turbine

In order to carry out a numcrical analysis and evaluation of the
air cycle conling system, it is nccessary to know the bleed air tempera-
ture and pressurc as well as the aircraft performance effect due to
compressor air extruction, The regencrative cooling sys=izm is
inhereatly well adapted to equipment couling for supersonic cruising
conditions at M 2 2.0 or above; consequently, engine characteristics
compatible with efficient cruising performarce at supersonic speeds
were assumed in the aralysis. Licking detailed information on super-
sonic turbojet crpines, the followiny assumptions were made regarding
enginc performance for cxtendad suprrsonic cruising conditions,

1) Enginc inlet pressure recovery based upon 85% diffuser
cfficicency for all conditions,

2) Engine compression ratio is 8,0 provided the compressor dis-
charge temperature dees not exceed 1250°R.  In this regime, the turbine
inlct temperature is assumed to be approximately double the compressor
discharge temperature,
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3) For corditions not covered by item 2, the compressor
discharge temperature 13 1250°R, with 20 engine turbine inlet
termiperature of 2500°R,

1) For all condrtiony, the compressor efficiency is assuned
to te 35%: the turbine efliciency is assumed to be 85%,

Cf courde, no given ergine would operate in accordance with these
corditions over & v ide range of Mach rumter; however, an airplane
deninned fuz extended cruising flight at kigh speed {e.g., M3 2,0)
woild in all probability be fitted with an enzine which would approach
the cLove _peraling corditivna al hie dosign cruising speec, The
assumaed values of turtine inlet temperatare and efficiency are
ircluded to enahle cstinnation of the aireraft performance penalty
die to compressar air extraction which is discussed helow,

With the air cycle cooling systems being considered in this section
of this report, the cqiipment is cooled by circulation of the cooling air
through the ¢quipmernt compariment, The engine bleed uir uied for
coalirg in first cooled by a ram ailr heal exchanger, discusied in the
dreceding section and in appendin L. The final cooling is sec.ivd by
means of an 3ir turbine which cools the air Ly extraction of work during
eXpansion,

The amount of cooling that can be chlained during expansion
deperds on the amount of work done Ly the turline per pound of air,
Trat work in turn is dependent on the pressure or expansion ratio and

va the *urbine afficiency,

The turbine exit temperature iz giver by the equation

3, 28¢

Tre® Tyl - - o {30)
Ste

Tre turbine inlet tymperature is dependent on the engine bleed

wmperaturc, the pre-cooler cifectiveness, and the ram air temperature,

. Tti"’h T-r&(l -cb) T'b i)
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The heat exchanger effectiveness can be considered ag a design
variable. The ram air temperatures (TT) for the altitude-Mach number
range of intercat in this study a+e plotted in figure 695, The turbine
bleed temperatiure depends on the ambient conditions and on the engine
comp:scasur characteristics, Tie variation of the normalized ambient
tetaperature {03) and the normalized ambicnl pressure { ) assumed
for this study are aleo shown in Ligure b4,

It is assumed in this study that 1250°R is the mraximum compressor
bleed temperature, The normalized compressor bleed temperature (0y)
assumed for thia study is plotted versus Maca number fur various
altitudes in figure 66,

The preasure iatio available for expansion across the turbine is
detzrmined by the blred pressurc, tle pressure losses through the ducts
and t*e heat exchanger, and the dinckarge pressure,

The assumed normaliz:d blred prossures { y) are plotted versus
Mach numher for various altitudes in figure 67, If it iw assumed that
the discharge preesure is greater than ambient, e.g., to the aircraft
cabin, the pressure ratio available for turbine expan=ion decreases
rapidly with altitude. The ideal pressure ratios {for varicus cngine
compression ratios) neglecting duct and heat exchanger preesure drops,
are plotted versus altitude jn figure £8 assuming a discharge pressure
of 7,5 psi above ambient, The ideal pressure ratios assumirg a dis-
charge pressure 2.7 psi above ambicnt are plotted in figurc €9, These
pressure ratios, together with the ram air temperature, impose definite
altitude and Mach aumbcer limitations on simple air cycle cuoling fystems,

The expansion turbine is assurnced to operate at pressure ratios up
to b:!, Cparation at greater pressure ratios is usually accompanied by a
reduced efficiency,

To climninate the possibility of icing problems, the turbine exit
temperature is not permitted to drop beivw 12°F,

U the heat exchanger effectivencss and the pressure drop for the
heat exchanger and for the ducts are dufined, the turbine exit tempera-
ture can be readily determined hy ¢quationa {90) and (91), taking account
of the assumed pressure and temperature limitations outlined above,
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In addition to determination of the temperatures thal can be
ohtained with an air turbine, the analysis of turbines for air cycle
cooling systems reguires reasonably accurate determination uof
turbine weights, A detziled analysis of the characteristicn of tur-
bines of the type used for alr cycle conling systems indicats=a that
the weight of auch units (including the blower discussed below) can
be very closcly approximated by a factor iimes the airflow rate,
The requicred airflow rate is dependent on the cooling load and the
temperature difference,

wp = 3,95 kw (92)
Tge * TEi
A good approximation to the turbine weight ia given by the empirical
equation
W= 24wy (93)

It can be reasonably assamed that the turbine and blower weight
will not be lesa than ¢igh? pounds; consequinatly, eight pounds is taken
a3 a minimum weight ang is used for aii caser where wy,  0.333 lhu/sec,

3. Blowers and Compressors ~

The taking of ram air on board an a:ircraft for heat exchanger cooling
involves a momentum drag due to the reductiom in the air velocity, Part
of that drag can b recovered by discharging the air through a thrust
recovery nozzle, A blower is usually wilized 10 increase the pressure
of the ram air before discharge thus increasing the thrust recovery factor,
1he blower also serves as a load for the expansion turbine,

The drag duc to taking air on hoard the aircraft is given by
D3 w, (34, 7/02 M) {94)
The thrust recovery is depradent on the nozzle pressure ratio,

the temnperature, and the nozile efficiency, for supercritical noazle
Now ‘Pa/Pne Q,528),

Tzw,54.49,, A, 1 -0.788 pa) {95)
Png
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For subcritical ncaale flow
713

Taw, 16,8 v, 46;' f ‘(P:." ; 196)

Pne,

The net momentum (drag {a then
Dnom ® Wa 3.7 ML M - Frp /B, 97

Where for supercritical flow

Flh a2 54,1 W, - 0,788 pa
Pn

when ¢y /Pne g 0.528,

For aabcritical flow

Y2
F!h = 73.8 ‘n& 1 Pa 'cs
one

when py /ppe » 0,528,
N

In most air cycle systemns a Llower or compre ;ior is used to
provide a load on the air turhine and to increase the pressure and tem-
perature of the air before it is exhausted, From the ubove equationas, it
is apparent that the thrust recovery may be improved by increasing the
pressure, by increasing the temperature, by keeping the pressure
lossse al a minimum, and by using an efficient nozzle,

In rhost air cycle cooling systems, a blower or compressor is used
to provile a load for the air turbine and to increase the pressure and
temperaiure upsiream [rom the exhausl nozzle thus increasing the thrust

recovery,

The pressure rativ for a blower ¢f conventional design can be assume
to be about 1,1, The rise in temperature is determined bty the decrease
obtained with the turbine, The pressure ratio for a compressar can be
expressed in terms of the adiohatic compressor etficiency and inlet and
exit temperatures by the equation

res iy a9V (38)
08¢
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The tempeialure increare produced by the compreasor v related

to the coouling produced by the expansion turbine, neglecting mechanical
loswes,

88: = vy A% (59}
We
The rozzle exit temperaiure can be defined by -
B = 8y *%n(&. - O7) vAS {100)

The net drag associated with the ram air can be G ivemined by mcecans
of the applicable equaticna as outlined above,

4, Air Ducts

As pointed out in the discussion on expansion turbines, the temperas
ture drop that can Le obtained by expansion thrcugl: an air turbine is
decreascd Ly pressure losscs in the ducis and heal exchangers, The iower
such preasure losscs are, the higher the pressure ratio availakle for the
turhine cooling. However, a deccrease in pressure drops entails an
increase in size and weights of ducts and heat exchangers {in the case of
heat exchangers, very low pressure drops are also asscciated with low
t-al transfer coclficients which are of course undesiraklc),
exchangor design is discussed in section
This secticn will be limited to a coi.s.deration of the ducts; however, the
effects an all components and overall system performance must be borne
in mind at all times, Because of the interaction of the clfecta, a com-
promise must be reached, Mathematical optimization, however, is not
deemed practival, In lieu of a very complex opiiuiization analysis, which
cculd not in practice be rigorous, an engineering approach has beea used
in this study, The size and weight's of the ducts are defined in terme of

an allow-‘ie pressure deop, which is selected on the Lasis of system
operating requirements,

Heit

Aps 0.5 Fg, } wi.8 a-1.8

{101)
pi

The required duct diameter is then

0.2
d-(O.S fa jw‘-a%ﬁ) 08 (102)

3¢ ap
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In rquations {101} and {102) the factor iy, ia an adjustment factor
*o account approximately for increased tosses in the inlet region af
the duct and other lowsce, ey, , diffaser larses 30 e 2 *rirce lo a
heat exchanger, The factor Fyy varies from one, for fully de icluped
flow, to approximately 2,5 for relatively high losnes,

The weight of the ducts can be determined from the lengih and
weight per {ool 1or the required nize with an allowance far the neces-

sary fittings, The weight of representative ducts can Lo expressed
bv the equation

wa, s0.13ad (103)

The inlet pregsure to & ram air duct from a supersonic diifuser
with an 85" recovery can be detevmined hy means of figure 64,

C. Effects of Engine Cnmpruu%or_mecd

The air cycle croling systems considered in this study utilize blecd
air from the engine corpressor as the cooling fl:id., The amount of aie
that is required will depend on the equipment inlet and exil temperatures
The exit temperature is considered an irdepundent design factor, The
cquipment inlct temperature ig then determined by the heat exchanger
effectiveness, turbine pressure ratio, and turbing efficiency, These
factors vary with system design and with flight conditions, The armwsunt
of ram air required and its effect is discussed slong with the conside ration
of air ducts,

A comparison of systems that impose varying air bleed and, further,
a comparison of such systems with systems that do not utilize any blecd
air, requires the determination of the effect of that blued on the engine
thrust, An equivalent weight can then be determined by thie wpplication of
a translation factor as discusscd in section I,

The effect of bleeding alr from an engine compressar can be conside rad
in t'»n somewhat diffcrent ways:

I} The engine compruessor is basically designed for adeguate air hleed
sa that any air that is bled would not be considered as potentially available

for burning of fuel and the procuction of cngine thrust; or

2) the air bled would otherwise be mixed with fuel which could then
burn and produ-=e thrust,
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The firat viewpoint has heen chosen and used in this analysis,
With this assumption, the extraction of bleed air renulls in a decreare
in engine thrust from {1} a momentun drag associated with taking the
air on board the aircr.aft ard (2) the enerygy required to compress
the bleed air in tha engine compresnor, The cuonmipress’on of the air
also resulta in an increase in the specific fuel consumption in as much
aw the encrgy expended in compressing the bleed air ia not available
for thrust, ’

The alternate assumption, that the bleed air would have been used
in burning fuel and zenerating thrust, would result in a slightly greater
sigrificance beinyg assigned 1o air bieed because of the reduction in net
thrust,

Assur ing that the engine compresaor is basically designed fur
adequate . -ed, the effucts have been analyzed by employing the pras

cedure of reaference 18,

The gross thrust of the en;jine working fluid is approximately

TG T, « o |* - fAh (104}
where Ahc
m wp =0

is the ratio of the enthalpy increase through the compressor to the
enthalpy decrease through the exhaust nozzle evaluuted at zeva air
blecd, The gross thrust change is approximately

A'}'g !_-_:b An - (105}
“G’wbao W1 {2b8h, wps 0

The charge in net thrust is then

ATy 2wy [Tg Ahe {1of)
("'N)wb =0 Wt \TnAh, wh s 0
The specific fuel consumption is
- 2R oY J >
SFC = (SFClyy = 0 T-3y [Tg ,:%Q to?)
W \Tn 28h, wp, = 0
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S¥FC = T A t108)
oo ).

{SFChuy, = @

The net penalty for the working fluid in terma of thrust reduction can
now be deternuned by adding the above fractional effects and multiplying
throagh by the net thrust {Tpd. {The actual thrust change due to fom-
pressizg the bleed air 1> negative,)

AT 2ay fTn TG A {109)
N b(ﬁﬁTﬁ'ﬁ.)wbao .

The term TN/WT s the specific thrust, The momentum drag
associated wath taking the bleed air on buard the rircraft is

D = 34 Twy, MV, t1o

The total change 1n thrust due to engine bleed is then

AT, 2 wg )-\.'IMA:*_I&I&_A_E i
W TN 2Ah =

= uy Finon (111a)

This negative thrus? effect can be treated as a drag and an equivalent
wieghs *~terminid by the methods oullined in scction JII.  The first
term in the zhove expression for Fyp.p corrcinonds 1o the momentum
drag caused by taking the Lleed air abcard the aircraft, while the second
accounts for the direct effects of thrust loss and increased specific fuel
cor.sumption resulting from compression of the bleed air in the erngine,

In equation {11}), the factor TN/W is the cngine apecific thyoat, Tg/TN
is the ratio of gross thrust to net thrust, and hg/ h, is the ratis of the
enthalpy increase across the compressor tu the enthalpy decrease in the
exhaust nozzle, each of these factors being evaluated for zera compreusor
bleed, Numerical evaluation of the cumpressor bleed penalty factor
Fin-p *as carried out by using charts aupplied in reference 18 together
with the assurned turbojet gperating canditions given previously, The
resulis disclosed that Fo,_p was substaatially constant over the range of
flight craditions involved in this stuey, thus, it was assumad that

!lh h= ll“.

indfe perdent of Mach nwreber ane altitude, {(Fhe inimum deviation feem
the atiow value n the computed resaits was under 5%.)
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D. Simple Air €ycle Cooling Systems

. Method of Analysis and Assun.ptions

4 the simple air cycle coohing system is illustrated «chemarically

in tigure 70, In his system, engine bleed air (the couliap fluid) &a
voaled fnitially by passage through  bBleed aie to ram air hrat exchunger,
The bleed air is then further couled by expansion through an air turhuie
whith eatracts encryy in the form of mechanical work, The engine
bleed adr is then ueed for direct cooling of the equipment, The turbine
shiaft power iy used todrive a blonwer or compressor ahich increases
the prevsurs of he ram arr Defore it is vxpelled overboard. The ram
atr ts discharpged through a nozzle desyned 1o prudice thust and thus
recover Crayg incovres whea laking the ram air vn beard, The simple
air cycle has heen analyzad for the {ollowing conditions:

o

Tge = 215°F vquipment exit temperature
M=zl .2 flizht velocaty

H =2 0.70,000 {fecr altitude

kw r 10 kilowanus coeling load

The wssumed ambdicn? and engine bleed pressures and temperatures are
indicated in figures 65, 66, and 67, Other assumplioas are indicated
below, The rffects of the various factors were investigated, The
assumptionn as listed below are considered reasanable and resalt in
approximately the optimum vatues,

The amount of air (w}) that maust Se bled from the engine con:pressor
is dependert 01 the cooling lead and the difference between the equipment
inlet temperature {TEj) and the equinment exit temperatare {Tge). The
bleed rate is oxpressed by cquarion (92}, The equipment inlet temperature
i3 cqual to the turbine exit temperature {Ty ) which in turn is detcrmined
by the turbiny pressure ratio {ry) and its efficiency (W), The turbine
exit temiperature is given hy vquation (90),

Combining vquations {20} and {92} ard dividing through by TEe

Wl ® 3. 93kw /ey {112)
! - T“ L - "‘ ‘l M '(- * ‘)
—— ]

V'ge

The turbire inlet temperature 5 depondont on the compressor Liced
temperature, the total ram temperature, and the effectiveness of the
heat exchanger, That temperature is given by equation (91),
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The heat exchanger cifectivenesa tey) is assumed o e .85 excopt
for those cases 4t high altiludes where the turbine pressure ratio {ry) i
wmall, The effectiveness is reduced 5o that wi /8§, does not drop
below 1,5, This assumption {s to assure turbulent aiz flow in the heat
: exchanger, The flow ratio (§} ia iaken as 1.5 for all cases, The pressure
drop parametar { fy) is taker as

!
] M s0 u24 far 8, 0,1% {113)
i 1 i M
! a\
i
. ; 4, =8¢ for 8; 0,156 (113a)
; 100,
: . where @, = Op »7«? (8, - 07) {114)
The pressure drop of the cooling air is ‘
AP ® 0,0024 fur 8;€0.156 {115)
. Pi ]
: Ap = 0,10 for 8;>0,156 {115a)

| Pi

To preclude {cing problems, the turbine outlet temperature is not allowed
wodrop beiow 32°#, Tris is done by maintaining the bleed air rate at a
minimum value such that, with the givea equipment exit temperature, the
turbine cxit will not be below 312 °F,

Tie ® TEj = TEg = 3.95kw > 32°F {3116)

i Ya
The ducts from engine to heat exchanger and from turbine to equipment

b are assumed to be 10 fuet long and are analysed in scctivon VI-B, The duct
9 : pressure drop parameter s assumed to be Pgy = 0,02 for cach duct, The
required diameuter v given by ¢quation {102), The assumed value of the
factor Fg, is 2 for the duct from engine to heat exchanger to allow for
losses at the heat eachanger inlet, Fgy 2 1 for the duct from the turbine
to the cquipment,

The turline pressure ratic iv delined in terms of the "ideal” poossure
ratio {rg) with the discharge pressure maintained at & pai ahove ambient,
Then
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For those cases where rg » 6, the actual turbine presuure ratio is assumed
12 be maintiined at ¢ in this analysis, When rg< b, the turbine presaure
ratia is assumed o veo

r® 6,9, 1. % {11y}
(e g

where B, i3 given by equation {114) and
Eb'eh-_t'zh(‘h-ﬂ'r) {31193
The turbine and hivwsr weight is given by equation {93) for wy; 0, 333,
For wp €0,333, the turbine and blower weicht *~ assumed to be 8 pounds,
The ram air duct iz assumed Lo be 12 feet long with a pressure drop
of 0,05, The factor Fay for this duct is assumed 1o he 2,5 1o allow for

diffuser exit and heat exchanger inlet loases,

The effects of compressor bleed were analyzed as discussed in section
In final calculations, the bleed factor is Fy = 120,

Ram air mementum drag {8 determined accerding to equation {97),
The blawer pressure ratio is assumed to be 1,1, The nozzle exit tempera=

ture is given by cquation (100),

2, Results of the Analysis of Sivple Air Cycle Cooling Systems

The totat equivalent weights for the simple air cycle cooling systemrs
are plotted versus Mach number {nr various altituden in figure 72 for a
drag translation factor { ® 2 and in figurc 73 for a dray transtation factor
{23, The tolal equivalent weight versus altitide is shown in figures 74
and 75, Thke operating limite for a simple air cycle cooling system of
various total equivalent weights ao~ shown ur the altitude nnd Mach number
cenvelope in figures 76 anc 77,
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o5 dusionn Wit Resard to Simple Air Cycle Couling Systems

The 1. 2wing conclusions can e drawn from the analysis of simp'e
v eyels . cling, systems:

1) “1 - «ystem imposes a redasonable cquivalent tors] we’-=t f
avratioc v dight speeds up to Mach 2 at 40,000 fect ainituds, At
‘rher el Swor altitudes, the flight velocity for cqual equivalent

e reduced primarily because of low air density at high
Ititudes a1 * becauae of high ram temperatures at lower altitudes,

cight m

2) T :jpstem is very well suitad to cooling cquipraent that presents
Rrying U v crature requirements and for that teason is rot dircctly
omparal ! vapor cycle systems with an equal vquisment exit tempera-
ure, It « eresling o note that for typical air cycle systems the
verage tor cocrature of the air in the vquipment with anL exit temperature
M 275°F .x ' ut 155 °F, very nearly cqual to the average tempe rature
Or A vape g ¢ system with an equipment exit temperature of 160°F,

3) Tre

stem is inherently well adagted for cabin cooling, The
Wwme syst o

ould be used for both if of adequate capacity.,

4) Tt ol equivalent weights increase ~ery rapidly for flight
velocities » o+ Mach 2 or {or flight at altitudes a® ove €0,600 feet,
which are « 2xXimately upper hmits for this type of cooling system,

<1

5) Sir ;.. air cycle cooling systemis have been highly dev:loped and
are widely © ° in present aircraft,

F. Repend

i

¢ Air Cycle Conling Systems

l, Bai .onsiderations

The airv air cycle cooling system, considered in the preceding

" to impose a severe aircraft performance penalty for
supersonic & - . conditionk, The rapid deterioration in performance

of the air ¢ ="» cooling system with incecasing speed, typified by figure
T3, can bie 1+~ 'y overcome through application of the principle of
repencratior o ke regenerative cooling system is shown schematically

in {ignre T4 7 o system in its basic lorm does not include the pre.
cooler, Th. - element of the system is the recencrative heat exchanger,
which serve 2gul the hot compressor bleed air v fore it enters the
eapansion terl L where further cooling takes piace,
flowing Lack v -+
B oecessari -

vection, wes

Since the air
cph the reganerator 1or coaling the incoming bleed air
sler than the maximum allowable cquipment exit
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temperature (TE‘.)(Cunsich-n'd to be from 160° to 275°F in thas study®,

it 1s evident that a turbine inletl temperature approaching Tg, can be
achirved with the regenerative configuration, Becauge of the extremely
high compreusor bleed air temperatures vroountered in qupersonic
fligh:, the hanje regencrative system {whicn does not include the pres
cuoler) requires an excessively heavy and Lulky heat exchanger, This ’
dif:culty is alleviated with the modified regenerative systemn shown in
the illustration, With this arrangement, the het compressor bleed aiy

is pre-cooled by ram air Lefore entering the regenerative exchaager,
This enables a considerable reduction in the size and weight of the
regenerative exchanger for two reasons: first, the required effective -
ness s reduced for a given turbine inlet tenperatyure wnd, aveond, an
aluminam alloy cxtended surface construction is feasible because of the
reduced inlet tempe rature, Ram air required for cooling can le con-
veniertly oblained {from the engine inlet, The relatively high inlet
pressure recovery possible with this arrangement permits a high degree
of thrust recovery at supersonic speeds, thus keeping the drag produced
by the cooling airflow to a minimum, Similarly, the penalty resulting
fronm: using cotupressor bleed air for indirect cooling can also be reduced
by thrust recovery when the bleed air is discharged from the aircraft,

In the form shown in figure 78, the regenerative cooling system
vtitizes a circuliting transfer fluid to convey heat rejected by the
cquipment being cooled 1o the intermediate heat exchanger, where it
is carrivd away by the cool air leaving the turbine, An indirect cooling
system of this type is well adapted to the centralized cooling system
concept since the weight, <ize, and power requirements for the transfer
system are relatively small, This is especially truce of the regenerative
cooliny system because of the low fluid circulation rate required as a
result of the low temperature nf the transicr fluid leaving the inter-
mediate exchanger (because of the small surface area of the distribution
lines, heating of the transfer {luid cn route o the cquipment component
is not gignificant),

Formal methods for analyzing the performance of the regenerative
cooling system are presented and discussed in the next section,

Tre principle of regencration can bie applied to the air cycle cooling
system in varions ways other than the application censidered in detail
herein,  An exhaustive study of the various vmbodiments of the regencrative
dir cycle system id beyond the scope of this report, The intent of the
following analysis is tuindicate the potential possibilities of the regenerative
air cycle principles as applicd to a specific cooling system canfigaration,
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; S, Method of Analyris and Asswrptiona
o
g The analylical procedurse used for deteroimng the characteristica

and aircralt performance vifects of the rerenerative conling system
siiown in fipure I8 ix preaonted in the folluwing pages, including generals
ized ceiationships required in the acalys.s. The lecatinent ia presented
in 4 relatively simpte form with emmphaa.e upon factors having the
grvatest sipnificance in s far as the ave rall operation cf e cooling

AT

system is concerned,

For specificd /alues of cooling toad, kw, and allowalle equipment
exit tempvrature, Tp,, the toquaired Lis ~d airflew rate can be expressed
an terone of the following tactors:  the hleod aie temperature at the inlet
to the regurerative excoanger, Tgi, the 1otal temperature drop produced
by the expiansion turbine, ATy, a:d the respective efivstiveness of the
repenerative and inte rmediate heat #achs: ters, eg and ¢ The individual
cflectivencsses are defined as follows:

Revencrative exchanper

R H.I i - T {120)
TRi - Tle

Inte pmediate (:xchanrer

ey Tea - TEY (i)
ke = 1i

In these wquations, Tg; and T, aiv the _rlet and exic temperatures,
respectively, of the transfer Ruid flowir, through the equipment component;
likewise, Ty and Tpe are the respective  nlet and exit temperatures ol

the air flowing through the irtermediate = cat eachanger, The temperatires
of the bized atr leaviag Yhe high peensure side of the regencrator are
Senoted by Tpeo By vquating the air side and transfer fluid side heat trans«

fer rates in the intermediate exchanger, -
thf, {Te: ~ LR ® ey (Tie -~ TR) (ree)

or Tre - Tz i.l'fse - Tgi)
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The covling, peou-icea by tie expandion tui'bie o

tohe pepraseated e,
the conventional foriag

-0, 2.86)

ATy T wil-ny {123

Using equatior {100, S iric, temperature 1o the intenmediate c-m.hn nker
is

Ty = Vige (124}

The required tronaf-re lund Tow rate o3 otained by equating the rate of
heat absorption Ly tae tranafer fuid o e equipnieny heat rejection rated

!‘.sc;.)l = 0,9% ko {125)
Tea - TEL

Dy making 2se > the relstianships expressed by cyuations (120) to {125),
the requaired airy Jow rate 5 fornd (e be

3,95kw {12¢)

The bleed air termperatury at the regencerator inlet TR is detined by

Ty - T

where ep is the effectiveness of the ram exchanger, Ty {8 the compressor
blecu tewmperature, and T is the vam air temperature, It should e
noted that absolute temueratures mast be used in equation {126), The

equipment inlet tenperature I'p,. in termy of the airflow rate wy, given
by equation (126), is

Tgi 2 TEe - 3.95 8 kw (128)
wh

Because of the considerable aircraft performance penalty associated with
bleeding air from the compressor of a turbojet engine, the bleed airflow
rate must be kept as lew as possible, By inspection of cquaticn (120), it
is apparent that this can be done in one or more of the (ollowing ways
(considering kw and Tge fixed):
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N Bemedse o to the highert practical valoe

2} Decrease Ty by aiing o ram enchiacn er of high effectivencss
3) hicrease  bLrooperitiac the tarbine ot a high pressuee ratio

. The Lirs tworeans of red ling W0 bleed adrtlow rate must take copnis
zance of the vapitancrease in Loeat eachanger weight with increasing
cfiectiveness  This as particalarly true of the regencrative heat
e ange . O vourse, To: will alviys exceed the ram air temperature
Tie  The onlent te which the plecd arflow rate can be reduced by in-
credav e Canited by reduced turbiae vificiency at high turbine
nross ol rating, Another factor which mignt conceivably limit the
turbiee trmperature drop is the possibility of iving caused by sube
frecang turbine discharge temperatures, In general, a turbine pressare
ratio of {romr 4 vo & at a turbine efficiency of R0-85% would be a good
tacice, Controi o! the turbire pressure ratio is discussed in a subsequen:
P’ ry o1 i3 section,

Tho assamed engine operating conditions for cruising flight listed
in the gencral discussion of atr cycles arc sufficient to define the
compressor bleed temparature and pressure, as well as the engine
L:let Leessure, as a function of Mach number and altitude, The vesults
are given in figures €6, 67, and 64 respectively,

Extraction of compressor discharge air occasions a loss of engine
thruc?t and an increase in specific fuel conswnption, both of which have a
delceterious effcet upon aircrafll performance, The overall thrust loss
is made up of two additive effects: a momentum drag due to taking the
bleed air aboard the aircraft via the engine inlet and a direct thrust loss
caused by the encrgy sxpended in compressing the bleed air in the engine,
The latter factor i3 accompanicd by an increase in specific fucl cone-
sumption, The equivalent weight due lo comprensor air extraction can
be expressed in terras of the effects of increased drag (treating a thrust
loss as an increment in drag) and an increased specific fael consumption,
These effects were examined analytically by employing ti.2 precedure of
reference 18, The effect of air bleed can be expressed by vquation {111),

As indicated by fijure 78, three heat exchangers are reguired for the
modified regencrative cooling sys*em: the regenerative exchanger, the
ram pre-cooler, and the intermediate liguid-to-aie heat exchanger, Fach
of these heat exchangers is characterized by jits effectiveness, pressure
losses, size, and weight, In peneral, for the specified design conditions
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the slse and weight of a heat exchanger are dependent upont the flow
rate of cooled and :aolant fluids, the physical arrangement of the
exchanger and characteriutics of tae core, th e effectiveness and the
permissible pressure losues, General relationships araong these
factars are developed in appendin § for the varioua types of
exchanyers required for air cycle systems, Particolar resnlts
pertaining to the regenetative ceoling system analysis are discuased
below,

The major requirements of the regenerative exchanger are that it
be as light and compac: as possible, while atill having a sufficiently
high effectiveness 10 cool the high presvure compressor bleed air ta
a temperature approaching the cquipment exit temperature, Tg,., In as
much au¥ the ratio of coolant to cooled fluid flow rates is unit for the
regenerator, a relatively large heat transfer surface arca is requived,
edpecially far high effectivencss, leading to a comparatively large and
heavy exchanger, Weight and s.ze of the regenerator can be minimized
through use of highly cfficient extended surface cores fabricated of
aluminum alloy, Because of the temperature limitation of an aluminum
cora, it is necessary to pre-ceool the incaming hleed air in a ram air
exchanger as discussed previously, This has the additional advantage,
in 8o far as the regenerator is concerned, of enahling a reduction of
cffectivencsa far a given exit temperature which also contrikutes to a
saving in size and weight,

The detailed analysis of the regencrative exchanger is given in
appendix | bancd upon heat transfer and pressure drop characters
istics for an efficient aluminum extended-surface care {references 20 and 22
The results of this analysis are prescnted graphically in figure 58
{for the following assumed ¢onditions: (1) triple-pass, counter-croasflow
configuration, (2) length~width ratio f,/f. = 2,0 (for a single pasa of
the cooled airflow, sce figure 59), Figurce 62 gives the regenezator
weight in pounds per pound/sccond of bleed airflow as a function of the
exchanger effectivenesn e defined by equation (120) and a pressure
dorp paramuter defined by the expression

$up = ('?'3., (%gﬁ n29)
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I the above squation, the subscripls | and b refer, respoctively, (o
inietl conditiorns and to the ¢cuuled flow; thua "i)b refers to the inlet
predsure of the high pressure bleed air entering the exchanger while

related 10 the meaan temperature of the high pressure flov, For
the low pressure {cecling flow) side of the regencrator, the pressure
loss 13 defined, in the general case, by the expression:

., 392 =« [2\3V7g {130)
P22 ™ [ar ! b Rb
o 5= )

where the subscript 2 refers Lo the coolant flow, For b/ ’c = 2.0,
correspanding to the conditions assumed for lignre 62,

Pre ® 0.162 ppy (132)

Figure €2 indicates the rapid :ncrease in rege.cerator weight with ine
creasing effectiveacss and alao shows how the weight decrcaves when
] the exchanger pressure losses are peomitted loancrease for a given

3 effectivenuss and flow rate, The volume of the regencrator exchange#
ia

VR = 0,0358 Wg {132)

The reladionships prezented in figure 62 and equations {129) and (150)
roust he consideced to apply to a "design” operating condition for the
cocling system, i.e., for specificd design values of ey, wh, and éb

{or for an vquivalent conlition defining pressure losses), For "uif.
design" operating cunditions, the regeacrator effectivences and pressure
lasses will of course be different, As will be shown subsequrntly, how-
ever, the blecd airflow rate remains substantially consiant with the
Tegenerative syswem over a wide range of flighi conditions,

The function of the ram exchanger, or pre-cooisr, is Lo cool the
very hot comnpressor Lleed air pricr to its entry into the aluninum
Feyjenerator 80 as not to exceed the tem, nrature limitations of the latter,
The rejuired pre-cooles effectiveness is found from equation {127) in
tcrms of the compressor bleed alr temperature, the ram air termperature,
#nf the desired regencrator inlet temmerature, Berauyse of the high bleed
1ir thmperatures to be expicted at high speeds (1250 °R or higher), a
tutular stainless steel core i3 appropriate for the ram cxchanger, although
a :opper alloy ectended-sucface core could altso be used, In all pro!mhﬂih;.
the forme would have the advantage of lighler weight whercas the latte,
weuld be more compact, In the preaent study, the stainless steel tubular
congtruction was asswned, Pepresentative core characteristics were
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g outained from references 19 and 20, The wei Wt of the ram exchanger
E is ahown ir figure &1 as & functivn of trhe bleed fluw rate w, cifectives
revs ey, 2ad Lthe ram Lir pressure loss paran~te> § o, defined by

] $hoca® (_A_g} !8:1,2«.. (133)
; fi fex-a “X~a

3 Pigure bl iy Based upon the detailed analysis iven in appentix
. together with the following assumed conditions: {1) triple-pass counter.

cruirflow configuration, {2) 4,/ k =2 3.0, uzd (3) ratio of cocian: to
A cooicd flow rate, walwp = 1,9 The volume of the ram air exchanger
E is given by

Vox ® 0,048 Wy (134)

The purposc of figure tl 13 to define the require:i size and weight of the
ram exchar e r for spe-ificd design valucs of effectiveness, niew ratio,
and allowable pressure drop; off-design conditions ¢an be anstyzed by
using relaticnships given in appondix

The inteemediate Licat exchanger serves to cool thie trianster fluid
with vool air teaving the expansion turbane {see figure T}, L reder to
krep thie required bleed airflow rate ta - minimuem, it is wpraccont from
rxarrination of cquation (124) that £= C"Cp)h““‘?p) should bhe as siaall
as possible and ep as high as possible, A suitable core arrangenient for
the liiuid to air intecmeediate exchanger is shown in figure 33, The core
: itsclf consists of a Yarge rnunber of closely spaced finned tubtes through -
3 which the transfer fluid flows in series. Arn analytical treatnment of
: the intermedsiate exchancer is given in appendix [ based apon air

side heat transfer and pressure diop éata from reference 19, Resalts
of the aralyuis are plotted in figure 79 for the assumed conditlions:

ey = 0.8, T2 1,9and 1.5, The wet weight of the exchanger 15 based
upun “he cure being filled with water. Aa in the case of the previous
exthangers, the weight 2 aize of the mte rimediate heat exchanger is
given in terms of the air side pressure drop pacameter

2
L T (Ai' {31 (1 35)
! “x) |

The olume ncoupied by the internediate vxchanger is

Vla 0.CH wl {136)
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Ram air cooling of the compressor bleed air may result in appre-
ciable momentum drug at high speads, The net momentum drag can be
minimized through thrust recovery, achieved by exhausting the ram air
through a conversent nozzle, FEflfective thrust recovery is promcted by
the fallowing factora: (1) efficicnt inlet pressure recuvery, {2) low
presaure losses in ducting and ramm eaxchanger, and {)) addition of neat
ta the ram atr, The fiest ot theae desired corditions can be best
3 realized by obtaining the ram air supply from: the engine inlet, Pressure
losses car be Wzpt to & mninimum by proper se ection of heat exchanger
and duct grometry, while the third factor mentivned ahove i3 automatically
satisfied, hecoming a significant factor far high eg and low §

The aize and weight of the required ducting can be beat dcfined on the
basis of allowable duct presaure loanes as giver by equations { ¥01), (102),
and {103), The numerical ccefficient Fyy in equations {101) and {102) is
Fde ¥ 2.5 This will approximately acecunt for the increaned friction
factor in the inlet region of the duct as well as tre diffuser Yosnes at the
entrance to the ram cxchanger, The dvact diamerer 4 is found from
2qu-.tion (102) 1n terms of the known flow rate w,, duct length £, inlet
conittany @ 1 and ¥, and the allowable pressare drop ratio (Ap/playe
18-5 is found traaa tigure ©4,.) The above nrocedure afforls a reasonable
basia for estimating the required inlet ducy size and weight, The exit
ductin, can ke treated in a similar wav,

The momentem drag resulting from the ram cooling flow can oe
expressed by equation {97}, The “:0z2le pressure ratio is casily deter-
mined in terms of the inlet pressire ratio {figure 64) an?d the ducting and
heat exchanger pressure loases,

Part of the aircraft perfsrmanie penally resuiting from campressor
hieed can be offsct by thrust recovery when the bleed alr is ejected from
the aircraft, The thrist recovery can be expressed by equation {97),
Thrust recovery clearly depends upon ¢ or sorvation of pressure through
the bleed air passages, i.e,, the ram exchanger, ducting, the regenerative
exchanger, expansion turhine, :ntermediate exchanger, and, finally, the
exit ducting, The individual pressure losses may be evaluated on the
basis of the pressure loss considerations previously discussed, thus
cnabling the determination of the pressure level at the exit from the low
pressure tiac of the regencrative eachanger, This pressure level ia
increased by the compressor located in the exit duct which serves as a
load fa¢ the eapansion turbine |see figure 78), In terms of the compressor
adiabatic efficiency Mg, the press.re ratio developed by the compressor
can be exprrascd by vquation (38),
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The degree of thrust recovery possible with the regenerative
cooling system iw 10 a great vxtent dependent upon the means provided
for controlling the bleed airflow, U rraximam thrust recovery is to
be obtained over a range of flight conditivns, control must be cxercised
over both the turbine nozzle area and the exit nozzle area, A variable
area turbine, auch as that descrihed in evference 27, enables ~ontrol
of the bleed airflaw rate over a rather wide range of bleed preasures,
whercas control of the turbine pressure ratio necessitates a variable-
arca exil nozzle, From the atandpoinl of praciicability, it would appear
desirable to employ a fixed-area exit nozzle providing effective thrust
recovery for the design cruise condition, together with & variable-area
turbine for control of the bleed arrflow rate for all light conditiona,
This approach avoids difficult flow cunirol problems at the expense of
lews clficient cooling system performance for conditions other than
the design cruising condition, Subseguent calculationa indicate that
the regenerative cooling system imposes a relatively moderate aircraft
performance penalty even when Lleed air thrus recovery i ignorsd,

3. _Results of Regenerative Air Cycle Cooling System Analysiy

The analyrical procedure prescrted in the foregoing section enzhles
the determination of the pysical characteristics and the aircralt perfurm-
ance punalty of the regencrative air cycle cooling system for specified
conditions, ie independent variables involved in the analysis are as
feilows: cooling load {kw), equipment exit tempuratuce (Tg ), Mach
aumber (M), and altitude {H); also 2zt and teansfer dine longilhe, Addi-
tional variables required for the analysis and subject 10 choice are the
following: effectivencss of ram, regene =ative, and intepmudiate heat
exchangers ey, e, and ¢}, respectively), turbiac pressuze ratio {r),
and regenerator ittlet temperature {TR:): in addition, the heat exchanger
and ducting pressare loyses may be treated as design variables which
can be choser to mect the overall requiraments of the cooling system,

The fundamental point of vicw adop.ed for the numerical analysis is
to interpret cach Mach number-altitcde cumbination of figure § as a
design cruising condition and te determine the cooling system character-
istics and performance for this condition, thus involving fu off~-design
operation, An alternate procedure wcald be 1o select a certain design
{light cundition, at which the cooling systern gewnetry is fixed, and then
tu determing the performance of this fixed cooling system o—er a tange
of altitudes and speeds, Although the latter approach is more representa.
tive of actual operating conditions of a cooling systera, 1t is rather
impractical for the present purpose taanly hecause detail=d cngine
operating corditions are not available, A5 a matter of fact, She
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suhscquent analysis indicates that the regencrative cooling system
pertormance in rot subjrct to prest changes with changing flight
conditions,

Another basic factor to be cons’dered is that of optimization of
the cooling system, Optimirzation (in the streict sense uf the term)
was not attempted for the regencrative ¢ooling system, The system
was analyzed with an engincering optimizatior. us discussed in section
111 of this report,

The bulk of the numerical caleulations were carried out for a
cnoling toad of kw % 10 kilowatts with T, s 273°'F, The «ffects of
changit g kw and Tg, are discussed later, Design variables such an
heat exchanger effectiviness, pressure losses, cete,, are given below,
B will be noted that the analysis is bascd upon a constant regencrutur
inlet tempevature Tpi » 1000°R, indrpendent of Mach number and
altitude, Reasouns for *his choice are indicated in the discussion,

Assumied Desan Variables for Analysis of the
Regencrative Cooling System

kw 10 at TEe = T35°R
Tri = 1000°R

Heat Exchanger Characteristics

¢cR=0.8ar$p =001
vy=0,8 at¢xs 0,002 and {=10

ey 2Ty - Ty atl = 1.8
Tu- T¢
{Thr chaice of 4 is discussed below,)

Air Cycle Mackine Characteristics

Radial turbine with variable-arca nozeales
n= S.0at ﬂt s 0,8

Radial comoressor driven by turbine:
,'c 4 0,&
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Ducting Characteristics

Bleed alr duct « engine to regenerator
ap)/pp = 0,02, Ly = 20 1t
Bleed air exit ductt
ApYp = 6,02, £4,= 6w
Ram cooling duct:
Ap)/pyp = 0,04, J4 = 26 1t
{haaed on tAPr/p; ® 0,02 for inlet and exit ducts}

Nozzle Efticiency

For both the ram cooling ducl and the bleed air

exit duct, exhaust nozale cfficiencics of B, = 0,08
are assumed, bassd on air diacharge approaimately
30 ¢ off the flight digection,

The data given in table 1 enable 4 complete analysis of the cooling
sy:tem characteristics and performance over the Mach number-altitude
rar.ge shown in {igure 1 for kw 3 1Q and Tp . 7 275°F, The analysis is
bascd upon the methods presceated in part B, The assumesd regencrator
ofic ratian conditicas resull in a constant bleed aizflow rate, Wy, indew
pesdent of altitude and Mach number, This in turn leads to constant
values of regencerator weight, WR, and intcrmcdiate exchanger weight,
Wi, as well as a constant weight for the air cycle machine, Wy, These
values are as follows:

Bleed airflow rates
wp, % 0,27 lu/sec {cquations 5 and 8)
Regencerator weight and volumet

WR-- 26.8 1b (“KUI'L‘ bl and W!B
V@ = 0,985 i3 (equation 16 and WR)

Intermediate exchanger weight and volumet

Wi=6,81b (figure 72 and wy)
Vi= 0,34 13 {equation 20 and wi

Air cycle machine weighty

Wy = 8,0 Ih {equation 93)
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Remaining couling syslem charactegistive vuch as duct sizes and
weights, pre-coolvr sian and weight, momentum drag due to cooling
air, and bleed air b cust recovery are dependent upon Mach aumber and
ailitude, Some of the more important of thesc characteristies, which
were determined by applying the analytical methads Jiscussed previously
are illustrated in {guren 19 ta 82,

K The equivalent total weight of the regencrative cocling system is

b shown in figures%d and 84 as a function of altitude and Mach number for
3 the apecified conditions, Resu'ts are given in fignre 83 for 1czo bleed
air thrust recovery and in figure 84 for the thrust recovery possible
under the conditiona listed,

The operating limits for regenerative air eycle cooling systems of
different total equivalent weights are indicated on the altitude-Mach number
cnvelope in figure 85 assuming 2cro thrust recovery and in figure 86 as-
suming a thrust recovery an indicateqd in the analysis,

: 4. Effects oi Changeys jn the Regencrative Ajr Cycle Cooling
3 System Opcrating Conditions

The elfects of depariures from the aasumed cooling system aperating
3 conditions used in the preceding analysis are discussced below for some
of the more important cooling system variables,

E 1} The effective weight penalty is, for all practical purposes,

. directly proportional to the couling load, To a great extent, other

! cooling system characteristics (such as heat axchanger bulk, mmcmentum
drag losses due 1o ram cooling, ete.) are also proportional to couling load,

2) The elfect of changing Ty [rom the value Tge used in this analysis
is illustrated in figure 83 for M a 2,0 at 60,000 fcet altitude, It is con-
3 sidered very unlikely that equipment cooling conditions would ever dictate
“ a value of Tg, less than 275 °F for the regenviative cooling system be~

cause of the low coolant temperature at the cguipment inlet {about 86 °F
for the ccnditions given),

: 3) The preceding caleulations were based upon compressor bleed

5 temperatures given in figure »6, which is based upon a4 maximum compres-
g sor discharge temperature of 1250°R, The effect of changes in Ty, upon

3 the overall effective cocling systein weight is shown in figure 87 for

M= 2,0 and 2.4 at 0,000 feet altitud», For Tgi= 1000°R, the ram
exchanger sffectiveness changesd with Ty, as indicated by cyuation {127)
maintaining the same 5 used for Ty 2 1250°R, Figure 87 indicates that

WADC TR 5%-353 147




P RS T

N : - O v FURUR RS o Ve e o s e D, - - . .
P L '_,,.,‘W_mm ~~-..,,-{: oy ;Mt.a‘r,itﬂ %_D‘.w Tt v—-—-ﬁw:ﬂ —e

e .
] ' _Fs. - 1;‘."
&

Altitadae,
12 — 60, 000

48000 ———X
s . \ / X\ "ﬁ
AR e

- Sea Lavel
-‘;‘ ::-_—:__’—- _‘__L_:/
"
=
=
.
X9
.G .2 L4 .6 1.3 2.0 .2 2.4

Mach Number

FIGURE 81 RAM AIR HEAT EXCHANGER WEIGHT FOR A
REGENERATIVE AIR CYCLE COOLING SYSTEM

8 _ L |
Altitude, It TEe * 275°F
- 70, 000
‘ /_ [1—"‘:" ’.‘0; 000 /
[ 49,000

.
N
e
e
2
o
AY
\

Sea ]
——

Momaentum Drag, ibs
e

(-4

1.0 1.2 1.4 . é 1.8 2.0 2.2 . 4
Mack Number

FIGURE 82 RAM AIR MOMENTUM DRAG FOR A REGENERATIVE
AlR CYCLE COCLING SYSTEM

WADGC TR 56-35%) i4s




-_:u-..’s.."!—“& A, ;&a‘ ok

Wwo_ . _ . e
1 T Tp, = 215°F }
Mutudo. ft |
}/——— 70, 00Q
- | DUNNI S Vr—b0,000 . b e o
2 40,000 -
g . 20, 000-\
a b \ J
5 140§ S S S IR SN S S
3 =~ /
& /
H Vo _ ol BE— |
.3 Sea Lavil -4
2 ! L]
3 :
o i
)20 : .y .
1.0 1.2 1.4 1) 1.8 2.9 2,2 2.4
Mach Numher
FIGURE 83 EQUIVALENT TOTAL WE!SHT FOR A REGENERATIVE AIR
GCYCLE COGLING SYSTEM WITH QUT BLEED AIR THRUST
RECOVERY
" 10 .
{ Tge = 275°F
Altitude, It
,4—--19, 000
o120 N B / 60,000} . 1
o 40, 000 —
N {20,000 ‘
-
£ /
2ho _ / .
= s
-é ol
'g Sea Lcwa\-? \-_...._,._._—7‘4
Etoo ______ T . e i
% .’1/ _’——"/
390
1.0 1.2 1.4 1.6 1.8 .0 2.2 2.4
Mach Numbaer
FIGURE 84 EQUIVALENT TOTAL WEIGHT FOR A REGENERATIVE
AR CYCLE COOLING SYSTEM WITH BiYED AIR THRUST
RECOVERY
WADC IR 56.35) 149




i .
80 .. _ ey e g e s e
. ; _‘ -
Iha i
e e g
— us.‘:\_; - — <l
! '\\ '
-0 -
L
sof__ L . b ——
-} -
t I |
| | {
1
s \
40y . S . o § e ad
| {
§
‘)
! -
: L1 3 N S - ——
!
. 0y 4] J—
- |
f S . 7
. = | A
. ‘ ! 2
; swl_ 1 Ll S
E - [
E 9 4
] 3 )I
3 d ' !
= - ! i
< 0 L
1.0 1.2 L4 2.4 2,6
Mach Number
FIGURE 8% COOLING SYSTEM OCPERATING LIMITS FOR A GIVEN TOTAL
EQUIVALENT WEIGHT FCRR A REGENERATIVE AIR CYCLE
COOLING SYSTEM WITH QUT BLEED AIR THRUST RECOVERY
WADC TR 56.35)3 150
';
!
mwg,.;.‘.—.;@m' ST "kwl« B R st S o S e ey Semisda » o y
5 Gagele bRt ST I N St ettt et pions e et Subemndiiedh oo

L P M e A B e 0 TS S Rt o i




T T T,

AOL
gt
80 oy e B e TR e _,_____!
! ‘ i . § ' i 3
1
‘ : i —Total Lauivalent Weigh), tbe
To PO )'-_-..— — v — -—-.._i B - T s e
- | ; )
2T | ? :
- i
~ | ! ~ : '
0 .._,__"‘1. o ,‘_\.T‘\J?\“_, e+ eemnned
N , ~ , :
, ' T~ 5
. ! \“ .
: ] i
[}

50 . M *
)
|
] !
L

H . . '.,u.

40 { e . g .,%

J
”, ;
"’

m §o P ot
-~ |
20 - e )
" i :
Y 3 !
" ! ’
10 . - Ce—

_3' _ .
3 TEI » 175“‘ .
- / - i '

2 0 1/ J,
1.0 1.2 1. 4 LS .. 8 2.9 3 3 2.4 2.6
Mach Number
FIGUR.E 36 COOLING SYSTEM OPERATING LIMITS FOR A GIVEN TOTAL
EQUIVALENT WEIGHT FOR A RUGENERATIVE AlR CYCLE
COOLING SYSTEM WITH BLEED AIR THRUST RECQVERY
WADGC TR 56-35) 151

ey




T O A AU SRy . 2'2' P TPy “ S '.;a'

140
My -k amberng, 4
ol20 —Mach piumbeare@, 6 —\
-
g ’/L'/SI/F
>
oi00 Y | . ..
’ S
3 Alzltude b0, 000 i
] 80 -—-——1‘
.5 T&-e wd2?%°F
2
’v '
w 6
1147 1139 1220 1260 1300 1340 1380 1429

Bleed Alr Temperature, *R

FiGURE 37 TQUIVALENT TOT L WEIGHT VERSUS COMPRESSOR
BLEED AIR TEMPERATURE FOR A REGENERATIVE
AR CYCLE COOLING SYSTEM

140 {*_..‘.
- e Y b e o e e e ]
2 —_
| T
o 100 — N —
= T — ]
1 "—-__\H--—‘.l
5 —
b
E 80 S DU SN SR wj_u., N S——
s Mach Number=2,0
»
3 Altitudea 60,0 It
S s0 ! i }
200 220 40 264 280 300 320 340
TE.' F
FIGURE 3a EQUIVALENT TOTAL WEIGHT VERSUS EQUIPMENT

EXIT TEMPERATURE FOR A REGENERATIVE AlR
CYCLE COOLING SYSTEM

WADCG TR 56-35) (314




the eifect of Ty, in the range from 1150° to 1I5Q°R is small for huth
M= 2.0and 2.4,

5, Conclusions With Repard 1o Heyenerative Air Cycle
C.ooling Cystems

The following cenclusions can be trawn from the foreyoing analysis
of the regencrative air cyele cooling systenu

'} The regencrative cooling system imposes a relatively small
ajruruft performance penally, particularly in the case of bleed air thrust
fecovery where the maximum cooling system effective weight penalty
s about 120 pounds {for M= 2,5 at 4,000 feet altitude} for a cooling load
of 10 kilowatts at Tpe = 273°F, Without oleed air thrust recovery, the
cifective weight penaltv for tivese conditions ls about {50 poeunds,

2} The equipment inlet temperaturs attained with the regenerative
cooling system iz relatively dow even at high speeds, valees of from
60°* to 90°F oeing ~asily attaincd, This is beneficial for equipnment cool-
ing becaunse of the capability of cooling equipment items having a range
of operating -temperature limits in a given cquipment package; also,
fluid circulation rates can be relatively low, which results in a saving
in weight and power requiremonts for the transfer fiuid systeme A
further advantage of a low coolant \emperature is the potential application
of the cooling syatem to cabin cooling as well as equipment cooling; thus,
the coolant couid first be passed through a Yeot exchanger in the cabin
for couling the cahin air, after which the coolant could be employed in
the usual way far equipment caoling, A relatively small coolant tempera-
ture rise would occur in cooling the cabin tassuming reasonably good
iesulation),

3) The regenerative air eycle system could be designed 30 as to be
quite compact and light in weight,

4) Groynd cooling can be achicved with the engine idling,

5} Because of the probability thay large compressor bised and engine
inlet airflows will be required for coolirg of the engine itself, the use of
an efficient air cycle cooling systern, with its relatively srmall demands un
compressed air, becomes relatively moree desirable ard mure readily inte-
grated into the overall aircraft design than would be the caze if special
provisions were required {or tleeding compressor or inle* air {or the
cooling system alone,

L} The regmerative cooling system dovs not appear to depend upon
developiments in heat vxchangeres or air ¢ycle machines beyond the present
state of the art for cffective applization o cquipment or zab:n cooling.,
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: SECIION vIX
EXPENDABLE COOLANT EQUIPMENT COOLING SYSTEMS

A, Basic Considerations

Adrcraft that have mission requirements of relatively short duration
or for which the high speed portion of the flight will he limited ta rela-
tively short dashes vither by mis ar by fuel considerations can
efficiently utilize cxpondable cooic b equipment cooling systems, This
concept of enoling involves a fluid, carricd on board the aircraft, that
ahsorbs heat {usually by changing statel while cooling the cquipment
«nd is then dumped overboard in a highe s cnergy state,

The prime reguitement s for 3 substance that can absoch a large
arnount of heat per sound At the required temperature level, Since the
corlant is expendable, the weight will be a direct function of the heat
absorption capabilities of the coolary, Qther ¢onsideratiops are physical
proepertics such as feoezing point, vapor arussure, toxicity, and
3 corrusivity and pracrical conside rations such as availability, cost, etc,

Tne expendable coolant could »e any fluid or sol:d that can absork
heat during a cnange of state or it could by « vubstance that weould
undergo an endotherric chermical reaction, The most promising ex-
pendable cgolants, investigated during the course of this siudy, are
fluids which change in state from a liguid 19 a vapor, a process during
which the fluid absorbs the latent heat of vaporization,

The wtilization of the heat of fusion docs not appear practical because

the energy change is usually much less during melting thar duting vapor-

. 1ization and, further, sclids ace not readily transparted through a system.,
No endcthermic chernical reactions that appeared practical znough to
warrant further investipation were noted in a search through references
10 and 11, Consequently, further «*uly of expendabile coolant systems
was limited to {luids that would chienge state from liquid to vapor at
suitable presaurcs and temperatuced,

Fiuids that freeze within the temperatuce range of interest, netably
water, have been considercd for applications in systems designed za that
freczing woulldl not render the systom tnaperable, Hawever, tn evaluation
caleglatians, the heat of fusion has not beea considered as at is available
only when the initial tempd rature is below the freezing poing,
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I the aelection of an expendable conlant, the boiliag points f the
fluid at ths applicable pressures s a prime consid:ration. In finct,
this 1w the property that defines the temperarure level that can %e
maintainnd with the fluid, The boiling polat must be below the wquip-
ment tereperatures if ¢oaling is ta he achieved, Thus at sca lawel
water hoils at 212°F, cthyl alcohal at 173°F, methyl alcohol at
148,.5°*F, and ammonia at -28,5°*F, The above fluids therefore can«
not be used to cool below the indicated temperatures at sea level,
The boiling point is that temperature at which the vapor pressasye is
cqual to the atmospheric pressurse; therefore, the boiling point will
dec reasc as the ambijent presaure decreases, A particular fluid ia
therefore capeble of cooling equipment ta a lowe r temperature Level
at altitudes above sca level, Curves indicating the variation of ®oiling
peint with altitude for several fluids are shown in figure 89, TiHie water-
cthylene rlveol, water-«ttyl alcohol, and water-methyl alcohol woluticns
arc cach of proportions that {frecze at <65°F,

The vapo:r pressure is also sigaificant in so far as storage is con-
cerned, If the {luid ia stored on the aircraft at ambient pressure, -
uvaporation will result in a temperature such that the vapor pressure
is equal to the amnbient pressure. Evaporation of the fluid musi come
pensate for heat ‘low into the fluid from the svrroundings, U the fluid
container in pressurized, the vapor pressare at the storage tem perature
determines the pressure that applies,

The amoint of conling that can be sccured by the vaporizaticon of a

liquid {vaporizing at Ty and stored at T,) is given by the equatium
{aasuming constant specific heats)

Q= Ly - €p) {Tg - Ty) t137)

The latent heat decreases with increaaing emperature, As swuing
conatant apecific heats, the latent heat (Ly) at a temperature Ty, in
termas of the spocific heats and the latent heat {Lg) at a temperatiurs

To is given by the equation

Lv - Lu ~ (Cp‘ - ch) (Tv - TO) (USZ
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The aboxe equativns indicate that even though the fatent heat
decreuscs as the vapurizing teruperature increasen, the net cooling
effect inceznecn as the vaporizing temperature increaasr s, This s
4 because the sensible heat of the ‘stored liquid reduces rlue nct cooling

effect when the storage temperature is above the evuporating tem-
perature, In the cvent that the storage Wwmperature i Rejow the
: vaporizing temperature, the sensible heal will increass e net coal-
A ing and again a high vaporizing temperature 1a indicatesl for maximum
) cooling,

The cocling effect can alsa be expregsed in terma oo the latent
] heat of vaporization at the liguid storage tewperature Ty by aubstitus
. ting equation (138) (with proper subseripts) ieto cquatiom (137}

- 3 Q= Ly - ope (Ty - Ty) {139)
Equaticn (137) indicates that, when the storage termserature is

higher than the vaporizing temperaturc, the net cooling «{fect is less
than the latent heat ab the storape Yemperature. The ce-fuction is equal

to the product of the speacific heat of the gas wnd the diflor nce between
i the sturage and vaporizing temperature, Fquation (133) Ybears out the
gascrvation that maximam net cooling is ohbtained at a m.aximum

’ evaporating tunperature, The above analysis ind:icates the importance

i of considering the latent Yeat at the storage: o¢ the vaparizing lempera-

k ture, the specific heat of the gas or the vapor, respactiaely, and the
tempurature differences hetwcen ite storage container iud the evaporatar.
Only with the above considerations can a vaild comparism of various
expendable coolants be made,

The freezing point and builing point of a fluid define « the range of
applicability 1G* ude as an expendable coolant, The latent heat of vapar.
3 izauon defines the conling effecy. Other fluid chatacteristics and
properties may or ynay not be signiiicant for a particular application.
The feneral charncteriatics pertainisg to expendable covillunt applications
for some of the more promising fluids are discuased below,

Out of a large numbter of {luids considored, six have Leen selected
as posaessing sufficient merit to warrant a thorough ana”ysis of applica-
bility and of aystem characteristica, The six fluids are water, water-
methyl alcohol soiiution, methyl alcohol, water-cthyl alv ohal solution,
ethyl alcuvhol, and ammonia, Soume of the more significart thermal
propertics are listed intable 4,
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Among the fluids considered as expendabie coilants, the thermoe
dyaamic propertins of water are unique, In fact, the desirable
propertics are so outstanding that considerable work and deaign effawt
is justified to circumvernt the one or two disad .antages encountered
in {ts use, The only notable Mabilities of water are ita relatively
high [reezing and bo! ing points, The freezing point prohlem can be
eliminated by the use of a heat traniport fluid. The high boiling point
requires heat exchange at sinall tempe rature differences aud equip-
ment that can operate at the neceasary temperature, An indication of
the temperature at which cooling can be secured 18 indicated hy the
boiling point and its variation with altitude, The decrease in boiling
point is very nearly linear with altitude from 212°F at sca level to
approximately 100 *F at 65,000 feet altitude, Figure 89 illustiates
the variation of the boiling point ~ith altitude for watcr and for
several other fluids, The cuives of figure 9 are linear approxima-
tions hut are within ahout two degiees for the entire range covered

The latent heat of vaporization uf water is more than donble that
of any of the other fluids {excepl water solutiona), The latent heats at
significant temperatures are listed in table 4, The safety, availability,
non-inflammability, and non-loxicily of water are of course unequaled,

A zrimary advantane of ammonia, for some applications, is ita
low beiling point, -28"F at standard sca level pressure., The latent
heatl is relatively high, 478 Btu/1b at 100*F, The latent heat of 598
Btu/lb at -28°F is not signilicant for cases where the fluid is presaur-
ized anid stored at a higher temperature, Storage at rather high
pressure is necessary to prevent evaporation, Ammuonin ia highly
texic, lavolves rather severe handling problems, ard posscases une
desirable chemical progertics, Ammonia is worthy of consideration
anly for cases where a very low temperature is neceded,

The addition of racthyl or »thy! alcchol to watzr to lower the freeaing
point is A means of atilizing water for some applications where freezing
cannot be tolerated, ‘lhe solulion doey have 3 sorsewhat lower boiling
point as indicated by the curves of figure 89, How:iver, it should he
pointed out that these solutions {freczing at -55°F) arc not azeotropic
and thercfore the solutiona do not have a true fixed boiling point; the
composition of the vapor will be slightly different from the lignid solution
resulting in a solution that will vary in comrposition and the boiling point
will gradually increase as the liquid boils off, Such soluticns can be
uscd for cooling if the pressure 13 such that water will bhoil, or cven at
the lower builing temperature for a short time, e,.g., whilr ¢limbing
to altitude, The addition of the alcohol reduces the latent heat to a marked
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degree but it remalne conaiferadly higher than the pure alcolwis,

The ude of methyl or ethyl alcohol, either pure or in soluttion,
presents some additivnal problams such as inf'smmability, Micthyl
alcehol is somewhat toxic; ethyl alcokol is cesentially non-toxtic,

Liquid oxygen is another fluid that ccid be uscd as an expprandable
coolant, In as much as oxygen is needed for crew breathing dluring
flight, any coollizg vbtained with the oxygen used for such purfpcses
would bie an efficient caoling means, To tocure cooling by mu:ans of
tiquil oxygen, the liguid would have to be stored invery well iznaulated
contawnera at a very low lemperature, Tnae critical temperiluire of
cxygen ia =182°F, Unless the oaysuen ia carried at teraperaturros
beluw the critical temperature, the only cooling that could be'ontained
would be that availalle frome acnsible hieating up Lo the temperniture
at which it is to be uncd for crew breathing, The use of oxyneen as an
expendabl: coolant in quantitics greater than required for purrposes
such as crew breathing does not appear warranied because thee-cooling
available is less than for a number of cther fluids not requirimp storage
at the very low temperatures, U water, {or example, were prre-cooled
and stored in an insulated contairer so a8 to be initially frozem, approxi-
3 - mately one third more coaling could be obtained per pound of wweight,
The additional cooling is obtained by virtue cf the latent heat rf fusion
and the sensible heat reguired to increase the temperature oftihe solid
and liquid before vaporization, I're-cooling of the liquid {or fireezing)
would enable the expendable coolant system to cool equipmenttifor a
limited tizne under conditions at which the ambicnt pressure iss too high
to permit boiling of the liquid,

’ A simple expendable coolant system is shown schematicailly in
figure 90, In this system, the experdable coolant is conducted! to the
equipment component through a line by means of presdure or .o small
pwnp, Vaporization takes place at the eqaipment, Fach evapunrato?d is
equipped with a pressure-regulating valve contralled by the cviogporatos
temperatare, This type oi system, because of the long linea [iromn stored
expendable coalant to the cquipment, would require a non-freozing
expendable coolant,

An expendable coolant systens utilizing o heat transport finid is
shown schematically in figure 91, Ir this aystem, the expendiable
coolant is evaporated in the storage tank, The vaporization it~ achieved
by means of a heat transport {luid flowing through tubes imauviesed ‘n
ithe expendable coolant, Whil~ this systern involves a heat traansport fiuio
with lines, pump, ctc,, it permits the utilization of water as :the eapendable
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coolant peovidued the storage tank is deaigned wo that it will not be
damaged hy freczing, With this system, the need foe pressure
control valves at cach of scveral evaporators is climinated,

B, Results of the Analysis of Expendable Coolant Rquipmcit
Cooiu\t' aystemas

The initial weights of the simple expendable systens depand on
the design flight duration, Wnitial weights of systems for a 10 kw
couling load are plotted versus flight duration in {igure 92 for the
water system assuming the associcted lines, storage tank, ete,,
weight 20 pounds plus 20% of the fluid weight, The storage tank for
this system nmius® be desigued 50 that the water can cxpand when
feeezing, The initial weighta of a water-cthyl alaohol system are
alao plotted in figure 92 avsumang the tines, pressurc regulators,
siorage tank, etc,, woigh 20 pounde ples 19% of the fluid weight,

The weight of expendable caolant cooling systems varics during
flight; consequently, for vvalualion purposes, some average weight
is mare indicative of the cffect on the aircraft, The evaluation
Sveragn weight of the two types of sisuple expendable coolant systems
are illustrawed in figure 93, The curves were drawn with the same
assumptions as the initial weight curves, taking a valuc of 70% of the
requircd expendable coolant weight as the evaluation average weight,
The t22m “evaluation average weight® is uscd for all systems utilizing
an cxperdable cgolant so as te differcentiate systems exhibiting varying
weight and having an inncrent time limitation from those haviag a
constant equivalent weight independent of tiine of operation, The
cvaluation average weightas used ia thiz =~port includes the actual
weight of compineonts, an equivalent weight far power or drap {as
discusscd in scction 111}, and one-half the weight of the expendable
Coolant required for the specified Nlight duration,

C. Cunclusions With Regard 10 Expendable Coalant Cooling Systeiaw

1) Expendable coolant systemay-aie applicable only to flight of
relatively short duration,

Z) The systems are very simple und involve 3 minimum of me. hani-
cal parts and controls,

3} Waler is by far the most ¢fficieatl coclant on a weight basis,

4} Ammoenia may be desirable if very low temperatures are rcquived,
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A 5) The aystems are relatively inscnsitive to flight er equipment
g : conditions within the attainable temperature rangsa,

6) Ground cooling can be secured provided the equipmaent temperz.ure
level is above the boiling point of the tiquid at the ambient pressure,

7} Perhaps the most promising field for expendadle cnclant cooling
systema {a in conjunction with another syatern, Such appllcalions are
dlicus®ed in the foltowing secticn of this report,
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SECTION Vi

COMBDINATION JYSTEMS

A, CGeneral Considerations

Far some aircraft and flight plans, it may be possible tu redure
the total penalty ascribed to the cooling system by utilizing more taan
one lype of cooling system, Two basic conditions that reqQuire a vom=
Lination cooling syatem, or for which less penalty can be cecured by
wtilizing a0 Or more systeliA as a4 composite cooling systern, aved

1) systems that possess inkerent limitation 1a tempe rature 4iffe rence
ar in sink temperatuyes, thus preclading operation fur a portion of the
altitude and Mach rumber cnvelope, and

2) systemx that exhibil excessive penalty for 3 portion of the
altitude Macl number range, or for certain {light patterns,

An example of the {irst condition would be vapor cycle systems
utilizing a refrigerant that has a crilical temperature below the maximum
sink temperature encountered i the aliitude and Mach number of interest,

Thae asecond condition can be illustrated by air cycle systems that
conld be designed for any condition bu? that may impose an excessive
senaity at the higher altitudes and Mach numbers,. Sirnple expendable
coolant systems would require excessive weight for long -duration flights
and would therefore be included in the second category,

Aircraft equipmaonl cooling systems can be divided into two basic
types closely related to the flight design condition:

1} Systeme designed for cuntini wus operation

2} Syatems desighed for a limited operating time
The usual air cycle and vapor cycle sysitms are examples of aystems
designed far continuous vperation, Any evm ndable coolant aystem has

an inherent time Limitation which 8 poopaerticnal to the amount cf ¢ solant,
and therefore il must be designe” for a himited  perating time,

o
ot
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The denign of composite ayutems is dependent on the actual flight
velocity, altitude, and duration ot the various conditions, In general,
any combination system should be designed to utilize each clementary
system in an cificient operating ranpe, that is, in flight conditiona
for which the system imposcs a relatively small penalty. The use of
an auxiliary system cuch as an eapendable coojant system to extend
the range of applicability of a simple riza cocvling system is a particular
case of a combination system which could be used for a cruisc-dash-
cruise {light in which the major "cruise® portion of flight would be at
a subsonic or a low supersonic velocity with a stort duration “dash” at
higher velocity, The ram tvinperature rise, at the high velocity, would -
preclude the use of the simple system for that portion of the flight,

On the other hand, excessive weight would be required for continuous
cooling by means of the expendable cuolant system,

= SREANENE R Am TR e AT

The analysis in sections V to VII gives an indication of the flight
conditions for which combination systems may be necessary or desirable
and also indicales the particulay systems which would be feasible for
such corabination systems,

Variations of the basic air cycle and vapor cycle cooling systema
are not considered as combination systems in this report,

A combination of an air cycle and a vapor cycle systera with an air
cycle turbine Sriving a vapor cycle comprensor wae considered, This
particular system was dropped [romn fuiliier consideration when prelimi-
nary calculations irdicated relatively little mesit and a difficulty in
matching the vapor cycle compreasar gower reguircinents with the poway
available from the air cycle turbine a1 varying conditiona, It is belivLved
that the receovery of thruat by means of a centrifugal air compresaor is

. a more practizal means of utilizing the air turhine power, Further, the
' cooling of a vapor cycle conitnser by means of cooled air from ar air
cycle turbine did net apprar practical because of the low pressures at the
turbine outlet and the heat transfer involved, The condenuee must remove
the basic cqaipment cooling load plus the heat added by he conmpressor,
{This latter heat quantity, because of efficiency censiderations, will be
somewhai greater than the amnount of heat extracted by the turbine,)

M-rry different types of combination sys? *a= have heen considered,
The analysis indicatcs varying degrees of merit for the varioua systeras,
Final judzment as to the worth of a particular system will of coursc depend
ca a specific application,
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B. Ram Air Conling System Cuombincd with an Expendahle Coolant
System :

1. Basic Cunsiderations

For aircraft operating on a cruise-dash-cruise flight schedule, a
combination ram air-cexpendable coolant system using air as the cooling
medium may be worthwhile for some applications, A aystemn of this
type is shown schematically in figure 94, Opcration of the system is as
follows: Undcr r.ruise conditions, am air enters the intake duct, flows
through the cquipment component wherein heat generated by the equip-
ment is absorbed, and is then exgelled through a convergent nozzle,

For dash conditions, the exit duct is closced off (as shown in the figure)
and cooling is accomplished by forced circulation of air through a

closed circuit, including the cquipment component and a Lieiler heat
exchanger, in which heat is removed from the air by boiling off an
expendable coolant, The arrangement of the system provides ram
pressurization of the floew passages which promotes effective heat transe
fcr and reduces pumping power requirements; also, ram air entering the
systermn to make up leakage losses is cooled in the-boiler heat exchanger
before entering the equipment component,

In order to secure cfficient performance from a system of this wype,
several important requirtments must be meat, including:

1} The cquipment iteins comprising the equipment component must
be designed to permit cffective heat transfer to the cooling air at low
pressure drop, In the case of electronic equipment, this goal can best
be achicved through the use of & “rnedular” construction in order to
adequately control the airflow over individual equipment items, In genecal,
high heat transfer effectiveness can be achieved by provision of fins for
fucreasing the cffective cquipment surface area for heat transfer and
by arranging the equipment so that the cooling air flows over items having
progressively higher temperature tolerances in the direction of flow and
leaves the equipment'component at the highest possibic temperature
compatible with effcctive cooling of items having the highest allowable
operdatling temperatures, Pressure losses can be minimized by passing
the cooling air through a nuwnber of equipment items {or modules) in
parallel, From the standpoint of cooling c¢ffectiveness, much is to be
ganed by locating equipment items requiring cooling in a compact
package, in so far as this is possible,
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2) Provision of an efficient ran. atr intake in the proximity of the
equipment component, In some instances {e.g., for small Ligh perform-
ance aircraft) cooling air might be obtained from the engine irlet duct,
Generally, however, an individual inlet would be necessary for cach
cquipment packags,

3) For dash conditions, the cooling air should cnter the vquipment
component at the lowest practicable tem perature; otherwise, prohibitively
high pumping power requirements majy result because of the largs: aie
circulation rate required, Thercefore, "he exgendable coolant used with
a system of this type must have a fairly low boiling point, Furturately,
the boiling point decreases with increasing altitude, resnlting in a
reduction of the required airflow rate which compensates in part for
the increascd pressure losses at highk altitude caused by the reduced air
dengity, The relative- mcrits and effect of various propertics of a number
of expendable fluide are discussed in the portinn of this report on experd-
allc coolant cooling systems {section V1), For systems using air as a
heat transport fluid, the expendable coalan® must have a relatively lower
boiling point than for a system utilizing a tiquid heat transport fluid,

This is brzzuze the weight flow rate times specific heat (wep) is usually
much less {or air than for liquids; consequently, air will have a greater
temperature change uand therefore a lower equipment inlet temperature

In as much as the overall performance of the cooling system depends
to a great extent upon the properties of the expendable coolant used,
careful consideration must be given to the selection of that coolant, It
should be remembered as pointed out above that this particular system
imposcy more stringent requirements as to boiling temperature than do
other expendable coolant systems consile red in this study,

n view of the above considerations and the general discussion in
section VII, the alcchols are considered 10 he the mast satisfactory
expzndable fluids for use in the ram air expendable coolant systems for
aircraft use whereas ammonia may be oireferable for certain missile
applications and for the lower equinmer? temperatures,
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2. Analysis of Dask Ci,n_(iiiionl

Unde » %izh socvd fhight conditions, cocling it achieved by forced
¢lrc-latron Ot akr theough a viesed civcuit including, the equipine il and a
heat eachange r, in which a suitable expendable coolant 1s boiled off in
order to eemeove heat frum the oive tating aie Lice figuie M) The
initial step in this analysis 13 to deteemine the cegaired air ¢ircalation

rate, w,,

f.quating the equipment heat rejertion rate to the rate of heat
abisorpti m by the circulating aie

w, = 3,9%kw

TEe ~ TEd

s equiparentanlet teraperature Ty can be oxpressed in terins of
sonditions existing in the Beailan heat - ichanger, Defining the boiler heat

exchanger cifecliveness as

*bo® Tvo-i - TEi (140)
bo-1 - lbo
The equipmenl inlet air temperature is
(141)

Tei= tuo Tho v} - ) Tyoai

where Ty, i the bailing temperature of the experdahle coolant and
Tyg.; i8 the temperature of the air entering the hoiler heat vxa Faager,
Assuming 1At rain alr ente s the svsten at & rate zw, due to leakaye
and as the blower and motor alio increase the temperature of the atr,

i 2ty -2, tge ¥ 2T b_.‘_:_,QS !rl?‘lA {142)
TM Y,

By makiag uee of the abiove vquationy, the expressicn {ur the reguoired
airflow rate can e written ia this form:

wy oz 3 93w » 2 95 (0 - oy,0) HPp/ My {143}
Tl’.‘.c sty Tha ~ {1~ epygd (L - 2) T ¢ 207

The requaced expeneatle caclant is

Wonp @ 3600 Du fwenla (Tho-i — TE}) (144)
i
NADC TR 50-353 170

X dad a%ek




. A .ol e et T S e AL i,
X, 3 Il A s At 5 i, T I el daa i S BN

——— - ——

H
' !

!

b er Woxp ® 3600 Dufo.95kwfl + 2t Tp - Te.)) v 0.7081P {145}

: L TEe - TEi Y

‘ Referring to appendix I, the weipht of ar aluminum, extendcd-surface

builer heat excharngee is given by the expression
1,317 , -2.3%7 .
Wye s 142 wy fye $vo {14¢)

where {13,, is a function of the heat exchanger effectiveness ey and $v,o
is A pressurc loss parameter which is related to the preasure drop of air
flowing through the ¢xchanges

AP " Boa 2 $e {147}
12Y (sbo—'\)
—y
Equiatica t146) in plotted sersua ébo is figure €3 Jor s=vecal values of
exchanger effectivencus, The boiler heat cacnaryer is illustrated sche-

n.atically in figure 60, Ram air entering the system to make up leakage
losgser cauieds 2 mornentam drag?

Drnom ® Y4, Ti¥a Maw, {148)

The blowor pressare rise lactor {Ap/pilg is related to the pressure losses
in the boiler heat exchanger and the eguipnient component (reglecting the
minor ducting iosses) by this ¢quation:

1142

Ay
N
Valies of { ;/pihp and § pfpdE ppearing in this equation can be delcrmined
nocather of twa ways (1) these pressure loss ratics can De treated as design
var:ales and aszivred arbitrary valucs irdependent of altitude and Mach
wurtver or (2} they <an be assigned specific salues for a parsicular design
altitude and Mach nuraber, In the latter case, the pressuce drap and heas
transfrr cifectiveneds for both the heal axclian;er and the eqiipment compo-
nent must be determined in terms of aicflow rate, pressuare level and mean
trmparrature for Vof{-Jesign® conlirineg, This approach s of “ourse more
represettnnive of the performance of an actval systemn which v 2st operate
over a »~ide vange of flight conditions with fixed yveome. ry, Tac analysis
of off -design 2opditions 18 discussesl below,
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!hing-da‘ta frum reference I, the required chaft power and weight
for an cfficient centrifugal blower operating at approximatety 60% of
maximum capacity are

°°.6
Wph 3 87,4 0p; w, (Apr/pilp (150)

and wg = 0,313 wo b2 gfls6/pp\-0- & (151)
' (BBI) ‘e ja

where Bl‘;i denotes blower inlet conditions, As shown in section V, the
weight of an a-c mator plus the additional generator weight required to
supply power to the motor can be expressed as

WpMm = 54+ 3.11Pp {152)

In evaluating the performance penalty imposed on the aircraft by the
cooling system, the cflects of momentum drag and required electrical
power are expressed in terms of an cquivalent weight as descridbed in
scction [II, The total effective weight of the cooling system, for evaluation
of the aircraft performance penalty, is found by adding the actual or
equivalent weights for each item, The evaluation average weight for the
expendable coolant is equal to the mean expendable coolant weight,

Wexp/2 plus the weights of storage container, piping, ctc, Assuming

the latter amounts to 20% of the initial coolant weight, the net weight

which can be attributed to the expendable coolant is

Wexp @ 0.7 Weyp (153)

where Weyp is found from equation (145), In addition, the weight of
ducting required for ram cooling during cruising conditions must be
included, This is discussed subscquently under the cruising cundition
analysis,

For high speed {light conditions, the equipment cooling system is
pressurized by the ram pressure rise at the diffuser inlet (sce figu-e 94),
Assuming a normal shock entry, the inlet total pressure p&- can he
expressed by the relationship (reference 23):

pT = py (1 + Mespq 1 + 0. 2M8 !+ 1 167(M2E-1] (254)
( INE - 1
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- ey

R -
Fo:: © gt o iv plotted dn figace 63 fur an assume? aiffuser ~rticiency
TR | ’ v raia pressure rise based upen the a%ove =nnation
wou Jirce R YT IR ) f('-uﬂ()llil'l!y cfficient l-r:uiing trd;'_r Or nUSC inlet.
Sin sam g ieacization becomes very important to the vperation of

ling t+ te=q at high altitudes, an inlet with poor pressare recovery

the.
furrit the performance of the systerr,

WO o cverel

aditions, the effectiveness ey, and the pressure loss
. antd (Ap/p)E must be conmiputed Lefore the analysis
Cwn be carzied out, Generally, the heat transfer
neat exchangers anvolvitg a sinple flowiay fluid can -
v rmms of the fluid flow rate, w, as follows:

. ¢ off-de
fa . (Ap/p*
de ¢ ed abos
e ¢ .eness |
he . ureswed i
{155)

w
wuantitics are conridered to be design values, The
uporn the characteristics of the heat cxchang:r core,
3 is a known (positive} constant, The paramcter '
aion offectivencss ¢! through the relationsbip

V- oexp -n'(w' )

-+ the prim>»
ent j depe-

, L given cor.

votated to the o

Q AInl - ¢') {156)
' it is apparent that the effectiveness decreasns with

* ard vice versa, Strictly speaking, the precedig

e tiong are vall  unly when heat transfer occurs from the flowing fiuid
.-, isotherma! su c¢. This condition is closely approuched in the

L' -r heat excham 4 = hecause of the relatively high boiling heat transfer

The pressure érop factor for heat exchangers

-t 1 equation (L
. -asing flow

“{icient on the weo ide,
oo usually be exgre . - ith sufficient accuracy in the form
av = VO[5V [ w (157)
R LA A |

¢t vided thaf turksa! 1 {low is maintained and the pressure drop remains

~p ] relative to mhe 1 1tial pressure,

.

The analysis «f o . osipn flight conditions can Le carricd cul with

sutficient accuracy fcr hie present nurpcse by using cquations {155) to
“rale wy is first formad from equations

Cen (AP0 and (AD/DE are fannd 0 .

goequation 11770 Lo cnce, changies in ey

Cadow fates encountered with the -

Howewer, the pressare loss foetoe-
¥

‘. 7} The reqguired -,
' 3), (155), and (D567,
oo design values By oaps .
53 be jgnored over th

d.o-expendiable cocdant sysr :m,
o1 tely with change s in altitede and Mach number, with an <zpye o
Reanite of aff. .

e

« et upon the overnll syster perfovmance,
“avions are discusaod
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T e ‘3,

- -

Cooling load

kw» 203t T, ® 275 °r

R XA

Dash {M = )5 at 60,000 feet)

(An » 0,05 and wa! # 0, 2hb Ih/see
Pi ' .

eho® 0.9 3t {12/piluo ® 0.05 and wy' v 0,266 lblu.-c

,Ap\ :00,..3 “ii'.l.'s equation wig * j=» 1.8

:
!
i ‘.\_)F QT}...O }

Cruisz (M3 1,4 at 60,000 {cer]

-~

w, = 0,40 lb/sec )
pe = 0.5 A2 1210 !
(3T . ' }

Ir addition to tu2 thove data, a total leakags ar. a of 0,075 :nl was
zsaumad, correipéing te 2z = 0,1 for sea love!l !hg‘l AatMal 2, Alsa,
the: we:ghl of the Blawer motor and the increancd genvauzior weight re-
iired 10 supply poted s 0 the blawer lequation '52) ivere detnrmined for

s csnditgons M T8 at 70,90 icet, This or.sbxcl ‘he cooling systern
aoaus rate at 7C 3 leet fov M =2 18 ae grealur,
e T.tearanoneml pressure drop of (A n/pi)n B 0,25 it wy, ¢

0.26° fur wie design camditian 1M = 16 At 66,000 sanl) is eqaivalint to 2
precsuze drop of & juchey w water Jor tle rome finc cate unadoe utandard
®21 level conditions, The flow rate of wy m 0, ¢ie correspuacis *s the
required flow rate, deteomined by usaing equatinm (143), = a coclng
evstem vuinp o hel sl Cidd 2s oy cX!.'t'm."A':\M cexlant, The ~‘lecte of
chaa: = oin {{rfy ot ars discussea acbiequently,

Chay st it B are Cffeciive weight weralty of the sam aiv-ewuendans
coolunt systen w:th cthano' cuolane Mo effectis~ wzipgkl noipalte for o
vthyl alcehiol system was determined as & tanction 3! Nlach ave .oor ane!
“tittude for the sbove conditivns, using the methoa of analyeis presest
abeve, The sesults ave showa in figure 9% for Dy s U hp apad o fizure

98 fos su= 1/2 he,
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Mach Nawber
FIGURE 9% EVAL.UATION AVERA~SE WEIGHT OF A RAM AIR COOLING
SYSTAM COMRBINET, WITH AN ETHYL ALCOHOL EXPENDABLE
STBLANT SYS ISV (DASH SURATION | hr)
I10 . - . .
Cruia} Coe!itt%n T— Dash Conditia
|
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- n ¥
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]
a7 1
t .2 1.4 i. b
Mach Number
FIGURE 96 EVALUATION AVERA TE WEIGHT CF A RAM AIR COOLING
SYSTEM COMBINED WITH AN ETHYL ALCCOHOL EXFENDABLE
CQOLANT SYSTEM (T 2SH DURATION 1/2 hr)
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ig- CTe SrST @M an Vew

ions, :t was assumed that ' s{ ~ctive w dght

«olant vould be based apon the mes - expr dable
1+ {153).

For cruising condjy
due to the expendable ¢
weight given by equ.nu

in effoctive weight penalty with increasing
~itudes i3 the reslt of ram air infiltration

Y imposes both a3 mumentum drag ard an in-
o the cooling system, This trend is reversed
+ of the rzduced ram pressurization at low

the blower power requirement {figures 97 and

The rapid increan
Mach number at low a
caused by leakage whis
creased cooli.\g load u
at high altitedes Lecau!
specds w‘\.g‘\ increases

98).

3
4
&

¢ :
“‘\ of methyl alechol und ~thiyl alcohol expendable
X ¢ weight standpoint have been examined for

+ The compararive ccoling system weight
“ure shown in figures 99 and 100 for flight
and Du e 1/2 hr, The variation in required
'} Mach numtier for the coolants is shown
er power requirvnuent for inethyl aleohol
‘rmperatare of *hiz fluid, perninitting
ssuce losses, Tre eff~cts of changing
* 0,05 qavin ohiwvae ave showa in

1.0 at A6, 0N fcee, Other things

' Y penaity is vssentially propors
wlty dec svasee with wereaed
=ature, {c., with increcasy .y
*ent itunts beiny cooled,

The relative merits W\
coolants from the «ffecti:)
the conditions listed abov’
prnalties for these coolant
at an altitude of 60,000 fee
biower power with altitude a
in figures 97 ard 98, The l(ov
Tesults from the lower boiling |

being cqual, the system efZeclive weilddd\h
tional to the cooling load., Thne weight g
allowable cquipment cormpement exit temp

s couit.p fystem effective

number ffor the range

3 65 »nd 90 for the

» o considered
aling syslem varl.

Because of the relativiely amall variation \ ¥
weight penally with changes in altitude and Mac
of conditions considered herein) as shown in figuh 8
cthyl alcohol system, the results discussed above 2O\
fairly representative of the -individual effects of thc\

abies over th2 full range of flight conditions shown ir "\w\;:“
N

- e N Ctsaye
5. Coaclusions With Pepurd to the Ram Air t oo M .).":" T
Cnmb ned With an Exgendable Coolnnt_xs!cz..v.. \\

From the foregoing rewulls, the following chsrrvabions e G0 ™,
with regard to the perform.unce and possible o splication of the o
expendable conlart cooling system:
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FIGURE 9 BLOY' . SUYAR VERSUS MACH NUMBER FOR A RAM
AIR CCOLING SYSTEM COMBINED WITH AN EXFPEND-HLE
COQLAYN . SYSTEM

4 -
Mach No, = 1.8
Tpe = 275°F
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Mash Numbar

= -
1 100 -
'. - Daeh S-ondition
4 Cuh--’ ..ond(ti; D\‘.n:“lon s 1/2he
-
A 2 90 Z
<
- 1 ot —,
' ; ""'—"-—-7 Xnyt Alen ! i Altitudd = 60, 000 f
3 Y i
] A——
3 " ;
| : A/ i o
* ;10 T‘“M - Maethyl \lcshol—i—, =
, : 7
VT' ; o f q '
i ‘: 60 M P . -
" 1 2 1.4 1.6 .8 2.0 2.2 2.4

: FIGURE 99 EVALUATION AYERAGE WEIGHT YERSUS MACH NUMBER
7 ) OF A RAM AlR COOLING SYSTEM COMBINED WLTH AN
EXFENDABLE COCLANT SYSTEM

90

Dask Clbnditio‘n

' , Mach No, = 1,6 1

] Altituid = 60,004 ft /

| = N
| \-—-T Ethyl A

}f:ho‘
e ! Methyl &lcohol—
";‘ -

ibe
[- ]
[~}

-3
[

E:
k

\
:

Evaluation Average Waight,

w
=]

9,02 Q.03 0,04 0.0% G. Do 0.07 0. 03 0,09
(AD‘P"'E

FIGURE 100 EVALUATION AVERAGE /EIGHT VERSUS EQUIPMENT
PRESSURE DROP OF A RAM AIR COOLING SYSTEM
COMBINED WITH AN EXPENDABLE COOLANT SYSTEM
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1) The syster arov. | cucking ar relabively tow penalty far both
dash ana cruise cos 'tion - a rotal dash duration on the unler of
one hour or less, Che mo « vavantageous application would be for flight
schedules involving lorg ceuise duration at speeds up toa M 2 ! 4 (ahove

‘e

40,000 fect) coupled with comparatively shart dash Juestion,

2} Both methyl al:chol and etuy! alcohol apprar to be sa isfactory
as expendable conlinty with the former having an appreciable superiority
because of its higher lateat heat of vaporization and lower boiliag point,

3) This couline . =~ 18 wull adapled to individualize opplications
where oyl Taeiy o0 cated equipment packages reqguire eooling,

1) Because of the relart.ely lov inlet tem, »vaturs .4 the coaling
air, a.cooling systusd uf .3 tyne =as  Hootively cool ¢ imavonut items
having low, as weli as medium and high, temperature - ceance s,

5) The atr-cooled package could be designed *o e €33y
‘access; also, the cooling system is not highly vulnex v -+ [ tle
damage, Ram air constitutes a very dependable source of cooling for
cruise conditions, :

6} In the final analysis, applicadility of the system depends upon
design provisions {or effective cceling of heat-penerating cguipment by
mveaus of airflow with moderate pressure drop, tegether with proper
distribution of the air to the individual items requiring coaling, Small
auxidiary blownrs could he employcd where necessary to facilitate
proper airflow distribution in the cquip..cnt component,

1)} It is quile important that the eguirment com=rent {and ducting
for the closed circulating system) be well sealed against leakage to
prevent ram air infiltration at high spoeds,

C. Simple Air Cycle Cooling System Cembined With an Expendable
Coolant System

The simple air cycle analyzed in section V1 of this report can be
designed tu provide ralatively efficient cooling for flight at Mach numbers
up to 1,6 except at low altitules or altitudee above 60,000 feet, For
flight above M 2 1,6 or H = {0,000 fect, the total cquivalent weight im-
poscd by the simple system becomes excessive, A means of reducing
the total equivalent weight for those cases where the flight time at the
dash condition is relatively short is provided by adding a hoiler heat
«xchanger and an expoendable coolant,
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1. Bastc Cemsidarations

A simple air cycle coolung sviiem combined with an expendable
coolant systemn i3 illustrate? acheniatically in figure 71, The iollow:nz
ara’ysis would likely cequire madification Lefore applying it to a dillerent
coifizuration, A system of this type can utilize water as the expenlalle
cooiant hecause the boiling takes place befare the turbine (niet and,
consegquently, it 2 a hign lemovzature, The system would have to >
dssizaed to prevent demage sheuld frevzing occur aad to asisure 2 seif-
thawing unit, e,.g., by having the water container tocated so as tabe
M.awed out by bleed air if {rozen,

The amount of 1ir that must be bled from the tarbine compressor
is, in rerms of the erquipment exit temperature and anlet tarnperature,

wp ® 3, 95kw VIl
TEe = TE3

n this case, the equipment inlet temperature is again equal-to the
turbire @xil tempesature Lut the zurbine inlet temperature is reduced By
the heat of vaporization of the expendable coolant that is boiled oz,
Thrat zed:.ction in temperature is

Tas LW (1el)

222t Wy
The required hleed air rate is then

wh ® ) 3.95kw {le2)
Tze - {UTud L Wey t
Wexp* 0 TS twy X

o

where 3@ 1o W (1. ¢-0. 286,
or, in terms of the bleed rate without an expendable coolarnt,

. LW, (163}
W 0 Tr-'— v—-—-—?———-—Tg—-—”‘
exp - XY . Lyt
.

.. - -
LR

3

wp # {wy)
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The tempurature of the turbine exit fand equinment £ et} wilt not
ke perntitted 6 drup Selow 32°F, This etinulatior. is made to preclude
the possibility of an icing problem at the turbine exit und in dicts from
the turbine to the equipment, With this assumption, juit enough water
w:ll be boiled off to secure a turbine inlet temperature such that, with
the availablc press ire ratio, the turbine exit temperature in at 312t

I should be no cd that with the atiove assumption, since the equip-
ment exit temperatiire is taken as an independent variable of analysis,
the bleed rate will be constant as indicated by cquation (92}, Tre
amourt of expendable coolant that must be provided will depend on the
dash duration and the reduction of temperature necessary,

‘ 3
Weyp @ B6S 1 [-3.95kw ; wb['! Ee - ('rﬁ)wcxp..l (164

T
2

2, Rcsulta of the Analynin

The evaluation of the simple aiz cyele crunbined with ap expendable
coulant syatem ie similar to the aralyuie cf thr straphe air cycle systems
in 8o far as the air cycle: portion is concerned except far the reduced aie
blevd, In addition to the weight and air bleed of the air cycle aystemy,
the cuwnbination system imposes an additional weight by virtue of the t-iler
heat exchanger, the ta<k and lines required for the expendable coolunt and
the cooulant that must be carried aboard the aircrailt,

These systems dre evaluated or the basis of an ¢valuation average
weight defined as the sum of the total equivalent weight of the air cycle
portion, the weight of the Loiler heat exchanger, and 0, & of the weigant
of expendable covlant required for the dash portion of the {light,

Wev-a® Wpoeqt Wog* C.éWexp {165)

The aystems have been evaluated or the basis of a dash time of one
hour for 4 cooling load of 10 kw, Because of the assumption that the turbine
exit temperature is 32°F, the weight of expendal's coolant as given by
equation {164) will be zero for any condition for which the pressure ratio
and heat exchanger characteristics are such that the turbine exit tempera-
ture for the simple system iz 312°7, For such conditions, a simple air
cycle coaling system of the asswnnd design iv therefore adequate far
continuous cruise cooling, A system that will provide cauoling fur one
hour at kpecificd conditions will provide continuous couling for somewhat
less stripgent conditions, It is assumed irn all calculations that water is
to he used as the expenanabie coolant bevause of its high Jateat heat of
vaporization,
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The cvaluation average weights of the <unple ale cycle combined
with an expendable coolant system such as illustrated in figure 71 have
been determined {or a broad range of conditions, The assumed operatiie
conditions are equipyment exit terrperature, TEg = 215 °F, cooling load,
kw2 10, dask duration, t= t ky, Conditions are thorefore the same as
for the simple alr cycle discusued previously except for the limited flight
time which applies to any system utilizing an expendable coolant,

The total evaluation weights are plotted versus Mack pumber in
figures 101 and 102 for drag equivalent weight [actors of two and three
respectively, The amount of expendable coolant that must Le boiled off
for various conditions ie indicated ia figuee 103, The variation of evalua.
tion average weight with altitude is shown in figure 104, Figurcs 105 and 106
indicate the operating limits for simple air cycle cooiing systems combined
with an expendable coolant system, The expendable system in cach case
is designed for 1 one-hour dash at the specified altitude and Mach numbee,
In this casc, as the expendable coolant is used to cool blred air, the dash
flight conditions are an important factor as indicated by tigures 101 to
106, In =i snenpcl, the simple 2air cycle combined with an expendable
coolant is different from other expendable coulant systems in wnich the
expesdable coolant is used more directly to cool equipmernt and the amount
of conlant requircd is therefore esscentially independent of flight conditions,

2, Conclusions With Regard to Simple Air Cycle Cooling Systems
Combined With Fapendable Coolant Systems

1} The combined system maintains the general characteristica of the
simple air cycle, Fnr dash timesa of approximately one hear, the variation
of the evaluation average weight with Mach number and with aluitude is
similar but reduced by a very significant ainount for conditions for which
the simple air cycle imposcs a high total equivalent weight,

¢} The smaller equivalont weights are primarily due to a reduction
in Lieed and ram airflow recaircments,

1) Th~ cocmbinatlion system is a simple meana of extending the short
time, high speed dash capabilities of the simple air cycle system,
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1D, Surfave Meat "xchanger Combined With An Expordable Coolant
c’:\-'..-ls Sl -iem

Orne of the combiration cooling systemns analyzed in this study is
compriaed of a heat transport fluid system with 2 surface hewl exchanger
asd an expendable coolant system,, Such a aystem i applicable for
cruise {light conditions up to Mach £,.5 and fue any dash condition of
amnited dueeationg

1, Gernceral Considecations

The surfaze heat ¢ .changer has been analy=#d in & Mminner entirely
anaivgous to that used for tne surface coundenser and heat cachangers
a3 Jescribed in section V oof this report, Essentially the same assump-
tions Pave Decn made,

The werght of the suriace heat exchanger is primarily dependent oun
the zred and on the material and type of constriction, As with a2 con-
denser, the heat transfer cocfficient on the inside of the passages is very
large compared with the external acat trinafer coefficient, Therzfore
the resistance to heat ilow is essentially determined by the external heat
transfer coefiicient,

A detazled analysis of this type of heat exchanger is included in
scction V on vapor cycle surface cundensers, The weight of the surface
heat cxcharger is

Wey-5* F3 € S (1166}
ho(Tge ~ Tod

where Fg = h, {3y 4 s} Tee - To) ‘ —E&.;z-x.
U(sg? OiTge- 1 (ATgi- i

The canstant C in equation {168) includes the weight per square foot and a
factor to cunvert kw into Btu/hr, Note that in this case the hzat exchanger
inlet ternperaturc is equal to the equipment exit temperature and ke heat
exchanger «xit temperatire is equal to equipment inlet trmptratare, hence
the terms Tge and Tpj. U, as is often the case for relatively kigh fluid
flow rates, the fluid tumperature change (Tg,. ~ TE;) is small iz comparison
with tke difference between the recovery temperature and the luid exit
tempe Ature {Tp, - Tp), taen assuming that U is appreximately equal to
hg and that the fin effectivenvss i3 approxinately une, the foctor Fg wili be
only slightly greater than ooe, The weight of a surface heal exchanger

can then be approximalted by the rquation
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Wensd __Chw twen
ho (TEe = Ty

Eanttion {167) may be used for initial calculationa and as = indicution of
vifects of the varvious factors, .

The surface hieat exchanger portion of this cooling system can provide
cooling for any flight velocities for which the recouvery temperature is
svificiently below the exit temperature of the equipinent, the difference
required is dependent on arca and on the heat transfer co-fficient, The
surface avea required is, wi h the same asrumptions usced in equation {107),

Aex.5 ¥ Q (163)
: ho(TEe - Tyl

The required area for surface heat exchangers in given versus Mach
numnber for various altitudes in figure 12,

Cuoling of equipment can he achieved with thiz type of cooling system
without excessive arcas for cruise up to Mach I.6 at the higner equipment
termmperatures, The das’. flight must, of course, be limited in duration,
the time depending on the expeadable coolant used and on the initial weight,

2. Resulta of the Analysis

A schematic diagrim of the system usine a water-cthyl alecohol solu.
tion as the expundable coolant and as the heal transport fluid is illustrated
schematically n figure 107, The system, modified foy the use of water
as the expendable coolant, is shown in figure 108, Tha weiphts of surface
heat exchanger and expend.’ls ¢oolant combination systems designed for
a 10 kw cooling Yoad are plutied versus dash time for virious conditions
in figures 109 und 110 far water and ia figure 111 for a water-ethyl alcolol
solution, The approximate required surface arca is plotied versus Mach
number for equipment exit temperatures of 16G%, 210°%, ard 275°F in
figure 112, The cruise conditions for which the various sy riema will
prcvide continuous cooling are apeciliced on the figures,
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3. Conclusions With Regasd te Surface Heat Exchanger
Expendaple Coolant Systeins

The following conclusions can he drawn from the preceding analysiat

1} The surface heat exchanger voainbined with an ¢xpendable coolant
provides an cfiicient means {or cooling aircralt equipment provided that
the required surface area is available, .

2} The evalustion average weights are under 100 pouids for dash
times of up to one hour, The weights do not include the heat transfer

surface at the cequipment,

3} The system weight is not greatly affecied by the dash flight condi«
1 tioras unless heat is translerred (o the stored fluid and linse from the
3 surroundings,

1} The syztom lmposes » emall pawas wnanivemont and surface drag
{as pointed out 1n section V) durung cruise operation, During high apecd
dash, the surface exchanger 13 not uked; conkcquently, no drag ie hnposed
under the flight conditions for which drag is most significane,
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E. VYapor €ycle Cooling Systems Comdined With
Expendinlzs C3tlaini Sysiems

1. Dasic Considerations

Vapor cycle cooling systa:ns were considered in detail in section ¥
of this report. It was noted that vapor cycle systems have an inherent
limnitation on the condenser temperature depending on the critical teme
peratare of the refrigerant and on the chemical stability of the refrigsrant
at the higher temperatures, In the case of Freon-11, the limit {s helow
the maximum considered in this study, The use of an expendalle coolant
for the high spced dawh portion of a tlight is 2 possible incans of extending
the range ol a vapor cycle cooling systemn that uses a refrigerant with a
critical temperalure below the maximum tzmperatures that are necessary
frr the hesl pump cycle. Expcndable coolants can 2180 be used to extesd
the teinperature limits of a syatem that is not adequate for other reasons,
®.8., a system !n waich the comnressor is not designed ‘o compress to

the pressure rennived weder 2ortiin conditivee. —°

The expendable coolant portion can be utilized in two different ways:

1} To cuul the condenser of a vapor cycle system at any time whken
the ram temperature {or the recovery temperature) is above the system
operating limits, :

2) To cool the he2t transport Nuid directly and thus actually operate
as a complete system in place of the vapnr cycle system for a temperature
bzyond the capabilities of (3: vapor cycle sylein,

The first method imposes » greater demand on the expendable coolant
system hecauss the heat added Ly the vapor cycle compressor and its
motor must be aberorbed in addition to the actual equipment cooling load,
Thia concept also requires ope-ation of the vapor cycle system at all
timza and thorefore involves the vapor cycle power requirement during
high speed dash flignt,

The second concept actually involves two scparate cooling systems
in 00 far as operating characteristics are concerned., The vapsr cycle
cooling system for cruise flight is separatce from an capendable coolant
system for the limited -duration high speed dash. With this methad, the
etxpendable system is actually i substitute systemn and is only required
to absorb the equipment cooling load, The vapor cycle sy tem would be
shut off and therefore not r=quire power nor impose a surface {or ram)
drag during the dash portion uf the flight. This method does, however,
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require aa expendalie coolent that will boil at » temperature delow

the allowable equipmert temperature Becauee the heat Is not pumped
to 2 highsr tampersture Yevel as te the case vith the condenser cooling
concept. This latter rejuiremeni is not considered serious since the
high speed dash wordi likely be at high altitude vhere the boiling point
even of water, the preferred coolant, would be fow enough 2 be used,

Pecause of 'he above considerations, systems in which the expend.=
able coolant is used to cool the heat trinaport i directly will in
general Lupose a smaller equivalent weight, Cons. juantly, in this
study, \hat is the configuration assumed. A aystem utilizing a water-
alcokol expendable conlant is llustrated schematically in figurns 113,

A system in whith the heat transport fluid is conducted to a wates tank
s0 that walsr can te used even under aub-frecaing conditions i ilius-
trated in figure 114,

2., Results of Analysis

The evaluation average weight of vapor cycle cooling systems com.
bined with expendable coolant® sysiems depends on the duration of the fash
portion of the flight, the expendable caolant used, the cruise Gesign con-
ditions and the design details of the various components, This particular
\ype of rystem is aimply a combiaation of twe of the simple systems
jireviously analyzed ard actueally inveives very Yittle modification of
c¢ithea system,

The evaluation average weights of 10 kw Freon-11 vapor cycle
systems designed for cruise cooling at 0,000 feet altitude at Mach 2,0
and at Mach 1,6 combined with an cxpendably caolant syatem for higher
speed dash are plotted versus dash time in figures 115 and 116, The
evaluation average weights for water cycle systems designad for cruise
AtM=1.8and M= 2,2 combined with an cxpendable coolant sysiem for
any higher speed dash are plotted versus dash time in figures 117 and
118, Curves for cquipment temperatures of 160°, 210°, and ¢75°F are
includ=d,

The evaluation average weights given hy fipures 115 to 118 apply to
flight a1 cruise conditions, oae half before the expendable coolant is used
and one half after the experdable coolant is useq, The evaluation average
weight applicable {or the high 1pe=d dash portion of thie flight would he
reduced approxunately 5 or 10% because power would not be required to
drive the vanor cycle compressor at that time. The fact the® an_ surface
drag imposed by a sucface condenser has been neglected in the vavor cycle
analysis would net bte 3 {agtor for the high sared dash hecause the con-
dinser is not dissipating the heat while the expencable coolant is being used,
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3. Conclusiwne With Rezard to Yapor Cycle Cooling Systema
Combined With Eapeadatie Covlaul Systemas

The following conclusione can be drawn from the anal;sis of cooling
. : systeme comprised of a vapor cycle system and an expendable coalant,

3 : ¥} The use of an expendable coolant provides a sumple means of
4 increasing the maximur: temperature capabilitics of & vapar cycle
i couling system for a limited time of cperation,

2) The evaluation average weights depend primarily on the cruise
3 ceoalditinns for which the vapor cycle system (s designed and oa the dash
duration for which expendable coolant is provided,

3} During high spced dash {light, the systemis impose no drag and
only a rm2!l power requirement {ar circulating the heal transport {luid,

4} The water vapor cycle systems would require sume enginccrin
development before actual working systems could be buile,

F, Ciher Combination Equipment Looling system-

A zonsiderable amount of Leal can be absorbed by the cngine fuel

o even with a relatively small incredse in the fucl temperature, The engine
. fuel iz therefore a very attractive heat sink; however, the fuel is nore
mally used for other cooling purposes such as oil cooling and usually ia
heated up to very near the maxin.um allowable termperature Ly such heat
sources. The use of turbine eagine fuel a5 a heat sink {or equipment
3 cooling has not, therefore, been analyzed i delail.

The fuel flow 1o the afterburier prescnts a peesibility, Such fuel
flow cannct be used for a contini ous cooling functiva at relatively low
speeds Bozaase the afterbyrner o4 not normally used for such cruise
flight, :uel o afterburner, therrfore, may not be suitable for cooling
purposes such as oil cooling. The fuel 10 the engine afterburner coyld
Le used to provide a heat sink for equipmen® coolinyg {or flight at very
high apeeds that require the additional thrusl attainable through use of
an engine afterburne., This is particularly attractive wn that such cooling
would Le available for the portion of a flight achedale which imposes the
most difficslt conditions for equipinent cooling, In this clse, it is
assumsd that cruise cooling could be obtained by mveans of a very simple
system. sach as & surface heat exchanger or a ram air system, with
the fuel to afterburnce being used during high speed dash flight,
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Ardditional coolin would have to Le provided for the period when the
afterburnes is taraed off and until flight conditions and temperatures
were such thai the simple surface or air system would suffice, A
systen of this jererai type, utilizing a surface heat exchanger and
water as the expendible coolint, is iflustrated sciematically in
figure 119, It is important 1o note thal with this lype of aystem
expendatie coolant would have to ba provided for only a transient
cordition that would prol.ably nbt last more than 20 to 30 minutes,

The specific heat of jnt fuel is appreximately 0,5 Bra/lb *F at
100°F {reference 6}, The specific fuel consurnption for a typical ot
engine afterburner at Mach 2 as given in reference 23 iy about 2,5
I5/hr, per pound of thrust, The increase in fuel temperature 1o the
afterburner, assumaing all fuel to the afterburner is heated by the
cooling load, is

ATg= 3413 kw {169)
StCun Tugy <pf

or, taking the values as given above,

A Tg= 2730 kw {i110)
Tate

Equations {169) and (170) indicate that for a thrust augmentation of
about 3000 pounds, the « ooling of the equipment by fucl to an afterburner
will result in a fuel t~mperature inrreasc of aboui 1*F per kilowatt,

The evaluiation averasge weight of a system of this type would be
relatively small because of the absence of drag at high vclocities and
beczuse the aravunt of expendable coolant required iy relatively low,

Mary other cooling configurations ¢ould be devised using fuel as a
hral sink, such as simple fucl heat cxchangers, fucl used in comhination
with air cycle systems, cte, As pointed out above, the use of luel would
of course depend on temperature limitations., The fael does present 3
¥eTy attractive heat sink, but it perhapy simply is not available be: ause
of other considerations,
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SECTION IX
EVALDATION AND APPLICABILITY OF

DIFFERENT TYPES OF EQUIFMENT COOLING SYSTEMS

The determination cl the range of applicability and the evaluation
of different types of cooling vyysteme depends on a large number of
factors and on the relative hinportance of those {2 ctors, In the analysis
of the various sysiems, the cquivalent weight or an evaluation average
weight has been determined and is presented as a function of velocity
and altitude for a number of conditions, In this section, the characler-
istice of the differcnt saystems with respect to those factors will be
compared and other typical characterintics of the systems will be pointed
out, Amory the more significant external factors which affect the deaign
and operation of a cooling sysiem are equipment temperature, flight
velocity, and flight altitude, In this zsction, some of the particular at-
tributes and liabilitice of the equipment cooling systems analyzed pres
viocusly wil) be compared with regard to these factors, followed Ly a
general comparisen of such ceoling system charzacteristics as total
equivalent weight requirements, vulnerability, dependability, and 4applis
¢ability to centralicvd and individualized cooling concepts,

A. Eguipment Te:nperatura

It was pointed out in sectiun IV that different types of syatems
possess very different characteristics with reyard to temperature
variation of the cooling medivm, Simple expendable coolant systems
such as illustrated in figure 90 provide a surface that is approximately
isothermal, The vapour cycle cooling syatems will, in general, have a
heoat transport fluid temperature variation of 10°F or less, The re-
generative air cycle system ures a heat transport fluid but with an
cquipment inlet temperature 100 °F or mre below the exit temperature,
In this study, the cquipment exit temperature has been selected as an
independent variable, It should be noted that with 3 given equipment
exit ternperature, systems in which the cooling medium has a rather
broad tem:perature variation can, with properly designed cquipment
cool certain elements to well below the exit temperature, The simple
air cycle aystems normally cool the equipiment by direct circulation of
air aad thercviore do not utilize a heat t1ansport {luid, Such syslems
will, for many operating conditions, have an air temperature difference
belween equipment inlet and outlet of over 200°F, U nccesrary, such
systoins can cool equipment to very low temperatures, The average
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temperature of the cooling medium at the equipment s approximately
the =ame for 2 clreple alr cycle with an oxit temperature at 275°F as
fuor & vapor cycle system with the cquipment exit temperature at 160°F, 3
A comparison o this basis must take into account the actual temperature
3 tolerances of equipment elements. The air cycle sywtem, for example,
would he capable of cooling aliout half the cooling load io 160°F or
below; the balance of the cquipment, located nearer the exit, could be
coaled only to from 160° 1o above the 275 *F exit temperature,

In addition to the wide variation in the teniperature conditicns of
the cooling medium at the cquipiaent, the ditferent aysicins have
differcent characteristics as to the effect of the equipment temperature
requiremcents,

Ctd oo d

Vapor cycle svatems, becauae 3f the major effect of evaporator
temperature on compressor size and power requirements, are quite
aensitive to variations in cquipment cxit temperature, It iv, in fact,
this temperature dependence that dictates the emall temperature varia-
tion at the equipmeni, The total equivalent weight of a vapor cycle
systza ix approximately double {or au equipment exit temperature of
160°F as compared wuith an cxit temnperature of 275°F, Systems with
a refrigerant with & relatively low latent hieat of vaporization have a4
definite limit v semperature Jificzenc? betwenn evaporator and condenser
{unless a cascade cycle such as the one illustrated in figure b is used)
which miay be a decisive factor, In same applications, this factor may
establizh a lower limit as to the evaporator temperature for a given
condenser tenperatare,

Simple air cycle syztcins are also relatively sensitive to equipment
temperature tolerances taouph sumuwhat less so than vaper cycle systems,
The hroad variatioa ir the temperature of the cooling medium would likely
eliminate the need for equipment exit terperatures as low as might be
required for a vapor cycle system, : |

Regenerative air cycle systems are usually lens sensitive o the
equipmeni conditicns than are vapor or simple air cyele systems, Fig-
ure 88 indicates that an increase in cquipment cxit temperature from
229" to 340 °F results in an equivalent weight decrrase of aboul 20% for
& regenerative air cycle system,
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Expendable coolant aystems or the expendable coolant portion of
combination systems using expendable coulants are not gicatly affecvred
by equipment conditions provided that the change is within the range of
the coolant bLoiling point, In the event that a ifferent coolant s re-
quired, a very marked change in weight may occur, The incrcase which
will accermpany a decreasc ia the equipment temperatures is zaused hy
the reduced covling efiect and by inc reancd heat exchanger winight that
may be required,

Rarn aire type cooling systems or systema vaine euvface heat rv.
changera are preatly affocted by cquipment temperature, In fact, the
eguipirent tumpe ratare detines the uppes Iimit on Nlight condivions
beyond which cooling is impossible with av-h systeme,

Other effects of rquipmuent teriperature ace nated in the discusgsion
of the various syeluvins, Speiilic effecta zan be determined by re  rring

to the figures indicating the performance of the various Lystems,

B, Flight Velocity

Tre Qiffervent cooling systems are affected very differently by the
aircraft (light velocity, Tno general characteretics of the syilems
conpidernd in this study are dincnesed below, Specific < -iilative data
are includ:d with the analyses of the varicus sysiems,

Cooling systems utilizing ra:n air directly for equipment cooling
have a drfinite limit and the weight will incrcase very rapidly as the limit
i3 approached. “Che saume is true of simple surface heat exchanger cooling
sy slems,

Simple air cycle cooling systems are relatively unaffected by velocity
up {0 a point depending on the altituae and then the weight increases very
rapiily {figures 72 and 73) because the system is dependant on ram air
for pre-cooling the compressor bleed air, The airmple air cycle cooling
syatem cambined with an expenidable cuolant system is not as greatly
affucted provided the dash time is not over one hour,

The regenerative air cycle cooling system is affected by flight velocity
to a much smallce degre: than the simple air cycle as illustrated by fig-
ures 8% and 84, The weight of such systems remains uite reasovnable
even at the higher volocitins conside red,
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The total equivalent weight of Frecon<l? vapor cycle cooling sy stemse
increascs very rapidly with velocity, the limit being well below tile
maximam velecity being considered in this study, The water vapor
cycle system increases, but at a nearly uniforn. rate, up to the maximum
velocities considered, The difference is priurarily due to the differences
in the critical teruperature and In the tatent heat of vaporization of Freon-1t
and water,

The expendable coolant systenis and the expendabls portion of combi-
nation systems i3 practically unalfected Ly fligut velocity, Any vaciation
is caused by heag that is picked up fram the curroundings by the storage
tank, the lines, and the equipiment,

C,., Flight Altitude

For a given specifird flight velocity and equipment exit lumperatures,
the eifect of aititude on the various systems is rather simiiar for the
systems utilizing an expendable coolaint, As pointed out previously, the
temperature s that can be mawntainsd by means of expendable coolants
are determined by the boiling point which in turn is a funclion of the
altitude {figure 89), Within the temperature range of an expendable
coolant, the weights will be practically independent of altitude in a0 far
ag equipment cooling is concerned., Howeve<, unleas the atorage tank is
pressarized, some [luid will be hoiled off to bring the fluid temperature
10 an equilibrium level and to maintain it at that temperature as heat is
abiorbed [rom surroundings, The heat absorb.d will depend on the con-
ductance of the tank and on the temperature difference between the
surroundirgs and the tank, Thus it is apparent that fluiécs with a high
vapor pressure will require insulation and storage of the coolant under
pressure to preveat loss of the coolint by evaparation from the tank,
especially at the highar altitudes,

The vay &u 2vele and the air cycle svatems stu-hied exhibit 2 minimum
weight for flight at 10,000 feet artitude, This is due to the temperature
schedale (figure 2) and because the heat transfer cocfficients applicable
to air heat transfer have not dropped too low at this altitude. At higher
altitudes, the equivalent weight incecases, moderately for vapor cycle
cooling systerns and for regeneralive air cycle cooling tystems bt quite
drasticaily for aimale air cyclu couling *ystermns,  The increased weight
is due t¢ the reduclion in heat transier at the low atimmoapheric pressare,
At alt:tudes below 40,000 feet, the weight also increases because of the
higher temperatures that prevail, This effect is nol considzred as signi-
ficant because norrrally flight will not be at the higli velocitien at the
lowes altitudes,
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D. Tutal Equivalent Weights of Yaricus Sysems

A comnarisan of the totai equivalent weight of different systema
to he entirely valid requires a rather detailed apecification of the
wguipniant cooling requirernents and of the aircraft f1ight schedule,
Without such information, an absolute evaluation cannot Le made be-
cauee & systens that is outatanding in ¢ne respeci may be deficient in
another peupect, Somc of the gencral system characteristics will he
“iscusged 27 they affect the tot2l equivalent weight for varivus flight
zonditions, As pointed vul in the gencral discussion of equipment
conditdons above ard in section IV, a comparison is rather arbitrary
and actual eviluation will have 1o take specific operating requirvments
inwo conasderalian,

At flight speeds up to Maca 1,8, the simpler cooling systems
3 appear to have an advantage, The simnle air cycle system imposes
« pamewhat amaller weight than does the regencrative ajr cycle system,
The Frcon-11 and the watler vapor cycle systems, assuming & surfar 3
condenser, are approximately equal for such conditions snd iwiose a
total equivalent weight approximately the same as the air cycle system
for cgual average cqipment temperatures {(when the heat tranasport
systern and transfer surfaces are included), The vapor cycle systems
impase more dead weight and require clectrical power {p ecumatic or .
Eydraulic could be used), The air tycle systema are refatively light '
weight but impose a momentum drag and an engine air tleed, Vapor
cycle systems using ram air condensers would impose approximately
& 20% greater total equivalent weight than the other vapor cycle systems,
The increase is primarily due to momentum drag and to higher condenser
ta mperatures, Fxpcndable coulunt systemas are suitable for certzin
wpplications depending on flight time,

The differcnces in the various systems become more significant
ai flight apceds from Mach 1,8 to 2,2 at 30,000 fcet and at lower flight
azeeds at higher or lower altitudes as indicated by the operating limit
curves, e.g., figures 45 to 48, 76, 17, 85, and 86,

Under flight in this range of velocities, cooling problerss have
Zipprared that point to the need for refinements and for ruore claborate
svetemns or diffrrent fluide, Within this range, the regenerator air
wwile system ard the simple air cyele are ab at equal to the regenevative
air cycle, havirp o slight advantage at Mach 2.2, In this range, the
Freon-l1 vapor cycle system also approaches its limit requiring about
4% greater total equivalent weight than a water vaper cycle system,

& «cescaded cycle could be used to decrease the total equivalent weight
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of the Freon-1t aystem Yy about 10%, Expendable coclant systems
would be applicable, again depending on the fight time rugutred.

Flignt at Machk 2,8 impoaes conditions for which a regenerative
air cycle system (or other modified air cycle system), 1 water vapor
cycie aysteinr, or an expendalle coolant system is required, This
regime is beyond the range of siraple ajr cyclc ayaiams and Freon« i
vapor cycle systems, The relative merita of the regenerative air
cycle system and the water vapor cycle system depend to a large
extent on the particulay applicaticn, Either system apparently could
be dedigned tn mect the cooling requirements, Expendabls cooland
systems become relatively more attrrctive as the flight speed in-~
ereases and would be applicable for sumewhat longer flight times at
the high velocities than at the lower velocities,

E. Spatial Requirements

In some applications of equipment cooling systema, the system
volume mav be as significant as weight, power, and drag, The volume
and size of some of the components for certain sysiems are givea in
the analysis; for other systerns volums will depend on design details
and is therefore difficult to ascertain with a reasonable degree of accuracy,
There are, however, a number of tronds that can be pointed out and that
may be of considerable significancc depending on the application,

Air cycle cooling systems require relatively large air ducts for aire
fiza from the diffuser and engine hleed to tae air cycle system and from
the system to the ¢gnipment, Alr<to-air heat exchangers are somewiiat
lavger for a yiven heat load than are liquid-gcoled condensers or evapora«
tors, However, the air cycle turbire and blawer is a very compact unit
so that the air cycle cooling unit with he necessary heat exchangers
requires considerably less space than the vapor ¢ycle compressor,
electric motar, and evaporator, The heat transport lines used with the
vapor cycle system waould be small tubing and therefore require liitle
apace,

The vapor cycle systoms using a aurface condencer or heat exchanger
require conside rable aurface area for heat tranufer, typically between one
and two gruare fuet per kilowatt, The use of ram sir-cooled sondensers
with a vapor cycle systen would of course vulail air ducts even larger
thah are required for air cycle aystemus, Expendable caoland systoms
require a tank for fluid storage, The size is of course dependent on the
‘light duraticn for which tie syutem is decigned,
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F. Vulueradility and Dependability

Becauxe of the importance of the cquipment cooling system to the
operation of the aircraft, the vulnerauility and dependability of the
system is an LUnportant consideration, An evaliation of such faclors
without verifying atatistics can only be relative, The cstimatcd urder
of increasing vulnerability of the aystem is (1) ram air systems, {(2)
sirple and ragenerative air cycle systems, {3} cxpendable systems,
(4) vapor cycle systems with ram air condenany, and {5) vapor cycle
with suriface condenser, Vapor cycle systems are somewhat more
vulneratle to2 shell and flak damaye than other systerns because even
a waror leak can render the system inoperative, The surface condenser
involves cu-siderable arca and therefore puts it at the Lattom of the
Yst, The variation in dependability of the various syitems is perhaps
less than variations in vulnerability but approximately the same order
would apply, i.e., with number one being the most dependable aystem,

G, Centralized Veraus Individualized Cooling System Applications

The actual analyiis of the various cooling systems was based un
systeras of 10 kw cocling capacity, However, the valuee as given are
representative in most ca:es of systemn chararteristics {for somzwhat
smallsy systems and for systems several times as large, Smaller
systems would in general invoive somewhat heavier components on a
per kilowatt basis, an increase of say 10 to 15% {ar systeran half as
large. Larger uniis would result in a weight saving on a per kilowatt
basis but most systemas would have 1o be made several tirnca as large
to secure a 10% weight advantage, An exception 1o the above general
rale iv simple ram air svsiemna for whirk = zlight saving in weight may
reault in some cases with smaller systems betause of a possible
reduction in total duct weight by ueing a numher of amall short ducts,

With the ahove considerations, the concept of céntralized cooling
systems veriuy individuvalized cooling systems is in most cases reduced
to the overall cffects of several systems as opposcd to the use of a heat
transpart fluid or the use of air ducts to convey air to dilferent equipment
components, A basic consideration is then the complexity and duplication
involved in individualized systems., As pointed out in section IV, the
transport of heat by means of a heat transport {luid involves a relatively
small cquivalent weight, The svstemas considered in this study that
utilize a neat transport fluid are rather complex systems with the exceptioa
of the experdable coolant system, Even with the latter system, a single
storage tank appears preferable, Consequently, all systems using heat
transport fluids are considered primarily sujtable as centratized systemas,
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The total cequivaleni veight will then be lowest an’ the peneral.syatem
charactesistics will be utilized to the boal advantage, Likewise, air
cycle systems are cocnside ced too complex to ba suitable for mmdividual-
tzed cooling aystems,

The Jdistribu.ion lines for the rxpendable cystem, such as illusteated
in figuics 90 and 91, are very light so that this syelem is alao applicable
to the centralized concept, These particular systems would Le suitable
to the individualized applications and would then involve slightly less
weight; however, cach storage tank would then require iwJividual attention,

Of the systems considered .a this study, the ram alr cooling syatem

is considered the tmoat suitable for individualized cooling applications,

In this case, the cxpendrble coolant would be stored in a central tank
with small tubing to conduct the fluid te the hoiler, Mdividual ram aire
and fan circulating syrtems would be usad for cach componént or group
of components. The length and size of air ducts could thus be minimized,
The total equivalent weight of a nuimber of individual syaten.a would thea
be less than for a single centralized system of this type,
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Symbol Definition

A Area

Br Breguet

Bta British thermal unit
Thictness

Rate of climb

Specific heat

Drag

¥Flight duration

Diameter

Effectiveness
Dimensionlras factor
Radiation shape factor
Radiation emissivity factor
F.quinvalenl weight faclor
Acceleration of gravity
Altitude

Horsepowep

Heat transfer coefficient or enthalpy
laput _

Heat exchanger conatant
Conductivity

Cooling load

Leatent heat or 1ift

Length

Mach numbep

Number of pastes - heat exchanger
Nussell number
Coampression exponent
Power

Prandt! nunher

Pressure

Heat flow or heat quantity
Gas constant

Reynolds number

Range

Pressure ratio

Secilic fuel conwumption
Distance along surface

T Temperature or thrust
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eq
CcVv-Aa
ex
exp
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Time

Overall heat transfer coefficient

Velocity or volume

Specific volume

Weight .
Fluid flow rate

Fuel to gross weight ratio (W(/Wg)

Lincar distance

Leakage flow ratio {w/w,)

reek Syinbols

Ratio of specific heats (cplrv) or specific weight
Incremnent .
Normalized pressure [pf2t16, where p is 1b/012)
tweplallwepln

Efficizacy

Normalized tempezature {T/%19, where T i3 in "R)
Tempurature raiin ucross air turbine (TE4{Tyy)
Dynamic viscosity

Kinematic viscosity

Denaity

Stephan-Boltzamann constant

Hezl exchanger pressure drop parameter

Heal exchanger heat transfer parameter (UA/3600 wep)

Average
Amblent
Afterburner
Blower
Bleed
Boiler

. Compressor

Drag

Direct

Dilfuser

Duct

Equipment

Exit

Egquivalent
E.valuation average
Exchanger
Expendable
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Fuel

Gross

Gas
litermediate
Intet or inside
Condenscy
Liquid

Motar and zenerator
Ma>ximum
Mowcntum
Net

Nozzle
Qutside
Power
Pressure
Regene radive
Recovery
Surface
Starage
Subceirical
Supercrnical
Total

Turbine
Thyust
Evaporator
Yolumetrije
Wall

Linear dirt-nce
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APPENDIX t
HEAT EXCHANGER ANALYSIS

The heat exchanger characteriatics utilized in the main Ludy of

the repart are basced upon the detailed analysis given herein, Thice
types of heat exchangers are considered: air-to-a‘=, liquid-to-a:r,

and the cvaporative {or boiler) heat exchanges in whick air is cooled

by boiling of an expendakle coolanty, The main purpose of the analysis
is 10 establish the required size and weight of these exchangers for
specified design values of cooling etiectivencss, flow rates of cooled
ard coolant {luids, and air sige pressure losses, Two distinct phases
of the heat exchangee analysis can be differentiated: (1) determination
~of the required heal transfer conductarce of the exchanger in terms of
1ta cooling effeciivencss, its physical arran;ement and the flow rates
of cooled and coolant fluids; and (2} determination of the size¢ and weight
of the exchanger frem characteristics of “hie core, in terms of per.
missible pressure losscs and the heat transicr conduciance found under 1,

1. Reguired heat transfer conductance, The cooling elfectiveness -
of a hrat exchasger transierring heat {raom fluid 1 10 {luid 2 is defined
by the rclationship

e :rlj - Tle e
Ui - T2y

For a given heat oxchanger arrang ment, the vifectiveness ¢} depends

upon twg parameters: a conductance parameter ] and a flow parameter

L - For tlie counterfla. arrangement shown in figare 56, the cffectiveness
can be cxpressad os an explicit function of f} andy : ST

€p 3 Cll-e(c'”n) (172)
R

fassuming that the overall conducting~ U is uniform over the heat transfer
surface), The countcrflow arrang.ment enables the highest poasible
effectiveness for given valurs of ) and [ ; however, this configuration
is not often practicable for air heat exchangers lespecially far high
vifectivencss) because of headering difficultica, Single or multiple pass
crozsflow arrangement~ {figure 3¢) permit a close approach to the per-
formance of the counterflow 2xchianges erd are particularly well saited
to air-to-air and liquid- to-aie heat exchangers, A rigorous analytical
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roiution for the crosstlow exciunger has been given Ly Nusselt
{reference 1), Multi-pass croxailoy configurations are aot readily
susceptible to analysis unless sin:plifviog aswumptions are made,
However, 4 nwber of crossflow catva have bheen analyzed numeri-
cally by Stevens and Wolfe Licference 21) witl: the aid of digital
computing equipment, Thesc data have been uscd herein tor the
analysia of the regenerative heat exchanger, which is discusscd
subsequently, However. mout of the multi-sars crorsflow heat
exchangey analyais described herean waes hased upon a simplified
ana!vaia wherein it was asaumed that the cooled fluid flow {see
figure 56) Is miued, while the conl.at remnains unmixed throughout,
The approximate analysis resulied in the fullowing formulae:

Couble~pass counter-crosaflow

- (e
A A sinn AL

el"‘

it

wwze Aalae”

Triple-pass countex-crosaflow

{174)

cp=sQ -1

Q
o y
where Q= e"Ac - A‘a; t -_ng epI A2 ~ie£‘\tlir\h A'C

' 4
’ by
and Azl .e

These expressions are in agreement with cguations given in reference 21,
Figure 57 shows the relation between fl and § as determined from equationa
12}, {3), and (4) tor tne counterilow, double-pass, and triple-pasa cases
ani effectiveness of 6.8 und 0,9. It is evident that the triple -pass countur-
cruasf{low arrangement closely approachss the counterflow arrcngement

n theoretical efficiency for § = 1,5 or preater, It can be proved that the
assumption of mixed conditions in the coolud fluid is always conservative
{i.e., Tends to a larger required €l for given e) and{ ) as compared with
the mixed case,
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I the case of the evapcrative heatl exchanger, the effectivencan
s simply

oyt (175)

2. Heal exchanger core chavacteristics, Nir aide heat transfer
conductancaa and presaure loas data for many types of core construction
are piven in the literature, In geaeral, these data voan be expressed,
with awfficicnt aceuracy for analytical purpoues, in the forin (ace {igure
59 far definition of diracnaiona)k

Heat tranufer eonductanten {single pnss’

hAly = ay f wy ! i {176)
C n

thA), = ap ( wo 3% Petota (176a)
14N

Core piercore loares {single passd

- 1
14 'bl( w) 1 um
c’n )

-f‘zApzlbz ‘-Z_‘z!c {177a)
7.1-)

where a1, ap, by, by and the exposeoks p), Pz, QL. Q2 AP CoArsinty far
a particulir core ander turbuleat flom conditions, In taxes wheee very
accuvate cure data are available, i»Yet and exit pressure lossaes may be
taken in%0 iccyunt, however, in the present inutance, thesc losses are
accuunted fo- yppronimately by saitable increased in by and b to permit
cquations 177} and {1774) to Le uscd for overall core preassure lodies,
‘When the care pressure lusses are a amall fraction of the inlet absolute
pressure (=« is almost always the case), cvquations (177) and (177a) cun
he writlen in the following, more camvenient, form:

¢| =13 2 AP ® 8.UGHL2h, Wy a1 ’. {178}
&L(—F:)]l (Ic !n)

2
73 =[__3___(AP = 0,0062b, ( wp )’3 yA {178a)

2] nilz2 sdn
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Tae core data applicd in aralyzing heat exchanges io this study are
: summarized in table 5,

3, Determination of the slze and weight of a heat exchanzer for
specified performance, When the cifectiveness ¢y, flnw rales wi and
w2, ang aliswable pressurc loases are known, the regulsed sice and

k weight of a crossflow exchanger is found in \he following way: (1) As
‘f describrd under item |, deteymine § » UAJ{3600we,) and then UA for
the apecified values of ey, wy and wp, (2} For a given care, axpress
the overall conductance UA in the general form:

p
) "'NA Aty 0
X0
+ ‘l W w

(3) By uaing equations (173) und {178a) *agether with equation {179), find
the volume of e keat exchanger M fg fc fa) in terris of eg, £ o wi, P1.
and ¢l; the weight is *hen faund from

7 Woyo s UL fote) (180)

UA = (3600w, )y i = 2 ( w)

where p is found from table 5, Applicatiwn of this proccdure is discussed
telow for cach of the heat exchanger types considercd herein,

L+ § {a) Ram heat exchanger laiv cycle cocling systems). A stainless

steel tubular cors is assumed becauae of the high bleed air tempratura,
' Usirg data frum table §, equatiow {179) can be rearranged to give

———

7 NA 22,380, 102+ 00050 £, 10:6 5 0.4 {181)
3 ' e

where 2 = wy,

dedn

Fron cquations {178) aud (178a)

b= 93548 g N o3 {152}
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Solving equation {182) for N." ana substituting in equation {181}

4, = 0,00%3s nrlm * o.cos(lL 0.6 2.2 {1s4)
I

~
Using equations {180) and {182), the weight of the exchanger is

b= 9.3 (d:l)‘" Lnto? —ua»

g N PR » - -
Vg & 41,0 .1(1‘:[.)“)

» 47 .8(N /) = 5120 Rw. 1189)
4s = ;i‘:s‘

The cooling Nlow pressure drop is {from equations 182 and 133)
LN (PAS {186)
T \%

Using these equations, the ram heat exchanger weighi was computed for
tie {ollowing assumed conditions: N = 3 {counter-crossflow arrangement)

Si-’t =3, {=1l.5 ey ranging frorm 0.5 t0 0,8, Thke reaults are plotted
in figure 61 with ep and ¢, as indecendent variables,

{b)} Regenerative heat exchanger {rogenerative aic cycls couling

system). The regencrative exchanger iralysis paralle.s that for tne
ram exchanger giver above, From equations {178) and {178a}

#, = 0,00293 0 x% % [14f 1,10 435 1187)
dc

{data from table §),

Making use of equations (*74) and {187),

Frw o157 g <038 [1 *(j.)“-"“] {188)
Je
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The weight of the excl.angery i» then

w“ = 31,3 (N-’.) ‘.’;,n)

= 45,2 x-0.635 y, [a ’ Gg-ﬁ’"] 1189)

Solving equation {I8T} for x and aubalituting {n equation (139)

Wo, = 67 nl.3l1’ 1 e j. 0,635] 1.317 {190)
1 v, 317
¢l . ]C

The cooling airflow pressure loss parameter is, frum equations (178)
and {178a)

R VAT AL (191)

Choosing ],I_(’,: % 20 to keep the cooling Nluw pressure lcades reasonably
low, the regenerative exchanger weight was computed ‘rom equation {190)
furep = 0,75, 0,80, and 0,85; the resuits are piotted versus ¢y in

figure 62,

{c) Intermediate heat enchanger (regencrative air cycle cooling
systern), Assuming that the tranafer fluid side conductance is very large
compared with the air side corductance, the weight of tha intermediate
exchanger {s tound to be approximately

Wy =337 1.232 4 .;a)-u.z:z {192)
(wcpb

The derivation of this equation is similar to the preceding analysis and was
based upon core data from takle 5, The assumed arrangement of the inter-
mediate exchanger is illustrated in figure 32, The rclationships expressed
by equation (192) is shown in figure 79 for ¢ = 0,8 andl w 1,0 and 1,6,
The conductance factor f) was computed {from cquation (172) on the assurnp.
tivn that four or more t(ransverse passes ace taken by the transfer fluid,
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12} Evaporaive {boiler) heat eachanger {ram alv-experdable
coolant cooling system). By a straight{orvard analysis similar to
the faregoing, the weight oi the svaporalive exchanger was {ound 0
be expressible by the equation

w,, =tz g3 2
Wh .
’bo
¢ where f} is given by equation (17%). Equation {193} is ploteed in figure

63 for ey = 0,89, 9,90, and 0.95, A sketch of the exchanger is shawn
in ligure b0,

—
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APPENDIX R
! EVAPCRATOR AND CONDENSER ANALYSE
» In the analysie of vavor cycle couling systems, it wan pointed

oul that the evaporator temperature haz a very sigmificant cffect on
the aystem total eguivalent weight, A typical evaporator evaluation
prowedure is outlined below indicating the assamptions that must be
made during *he analysis and the general procedure that was used
1o secure an engincering optimization of the overall cooling system,
S milar analyses were made to deterimine condernser and surface
heat exchanger weights and optimum configurations, The calcula-
tiona and optimization were performed by tabular and graphical
means.

S

In the avstem analysis, the cooling load {(kw), the equipment
exil tempe rature {Tge), and transport line lengths were taken as
independent variables, The refrigerant and tranafer fluid pruperties
were determined at the appliceble temperatures, The evaporator
cflectiveness {=y}, the cvaporating temperatare {Ty), tie condensing
temperature {Tg), and the fluid¢ fiow velocities were taken as Qesign
variables and were subjected to a graphical optimization procedure,

The effectivencds of an evaporator is defined as

ety s T - T U‘“)
TEe - TV 7

This effectiveness can also be given in termy of the overall heat
trancfor parameter {UA} and the thermal flow rate (3600wcpl by the
cquation

eyz ek - 1 (195)
)

whese z 2 UAI}!‘:OOwcP

Eguation {195) is plotted versus U;\lt&ﬁ\)wcp is figure 120,
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By assuming an ey, the reouired U.“.'vcp can ba dete rmined from
figure 120, {VYarious assumptions are made to ubtain an optimum value,)

The required value of wep can be determin:d by considering the heat
that m.ost be sbsorbed by the transport fluid

wep @ Q — {196}
3600 ey {Tge -~ Ty)

The requirad vi:lue of UA can be determined by means of equation
(196} ama figure 120,

Assuring an svoporator tube diameter, the required number of
parallel tubes and transport tluid flow velocity can be detcrmined from
the equation

aVe 4w (197}
L L 4

Mssuwning a number of paraliel tubtes and 2 flow velocity consistent
with egzation {197}, the heat tranaport fluid heat transfer coefficient
{h;} can b+ determincd from the cquition fassurning turbulent flow
Re 23}

n, = 0,623 x (Re)®# (py%-4 (193)
¢

Equatiue {198) is jlotted versus flow velouity in figure 121 assuming an
ethylen s zlycal salution, An sodinate scaic oo included in Ligure 121 with
a heat trunsfer pararreter that is independent of fluid propercties,

“alucs of ¢cvaporalive Roat tranafer coefficients are given in the

literatuze (referenc:u §, 9, and 15), The effective heat tranufer parameter
UA ta

UA = by A! N A2 {199)
| A} l“l

Values e UA/h2 Ap are ploited versus hz Ap/h] A} in figure 122,
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The requircd tubing length iz determined by means of cquations
(196). {199), wnil firurc 120, The evaporator weight is determined
on the basis of thr rcquired tubing leagtn and the weight per unit
leagth including transport fluid with « factor alloned for the shell,
headers, and the refrigerant,

The power required to circulate the heat transport fluid through
the evaporator is deterinined from the vquation

wgr CtgvIal (200)

The constant C depends on the units nscd, The fluid function factar
{f can be found {rzoam curves in reference 25, page 250, or in bogks om
fluid dynamics, Equation {270} is also used to determine pawer required
to circulute the heat transport fluid, The size of heat transport lines
can be optimized Ly using & weight equivalent for the powir and then
minimizing the gum of the equivalent and actual weights of vhe transport
syatem,

The condenser is analyzed in a very similar mannce except that fer
a2 surface condenser, the effcctiveness is not defined because the recovery
tempe rature is assumed constant {equivalent to assuming an infinite aeal.
sink) and condensation is assumed to be a thermal isothermal process,
The condenscr is therefore analyzed as vutlined in section ¥,

The condenser and surface heat exchanger perticn of the vapor cycle
systema using a liquid cooled condenser and surface heat exchanger
(figare 35) can be analyzed in A manner similar to that vutlined for the
evaporator above with modifications to acegunt for the aurface condenscr,
The liquid-cooled condenser is treated like the evaporator with the heat
tranapurt fluid removing the heat of vaporization ard using the applicable
cendensation hcat tranefor cocfficient, Fer the higher tomperatares, a
heat tranagorst f1uig such As Dowtherm A is uscd for this part of the system,
The effecltiveness curve of figure 120 applies to the cendenser and surface
heat exchanger, Figurcs 121 and V22 can also be used in the condenser
and surface heat exchanger analyais, The hcat transfer paramueler for this
casz with the scparate condenser and heat exchanger is given by the eqguation

Q c® cZy )-l -l 20
{UA) (T - Ty TUATL F® 1 le®2 - 1

where 2, = (UAY;/3600we
23 = (UA)313600\~:P
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The heat transfer parameter as gliven by equation {201} §a plotted
versus wep RUAYY In figure 123 for various values of TUA)2HUA) .

The welght of the cumpressor and the power supply syaten, and
. 3 the power requireinent, for the asaumad tvaporating and condensing
: temperatures are determined as discuaned in section ¥,

A tabulation procedure is used to detecmine the effect of varyling
the design variables, Tranalation factora are used to deteymine welight
equivalents for the power requirements and tabular and graphical
methods are applied to detzciine the minlmum total equivalent weight,
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